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Type FH Breakers Have Been 
Preferred for Station Service 


HIRTY-EIGHT YEARS of satis- 
fying performance are back 
of these breakers. More than 
OUNCE Ae ea Te Ls An early installation in the Fisk Str 


users is a roll call of central sta- Station, Commonwealth Edison « 


tions and large industrials. But 

the FH breaker, even with its fundamentally correct design, would n 
enjoy such preference had it not been continually improved, and t] 
improvements so made that they could be applied to FH breake 
already in service. This G-E breaker set its own standard and gre 
with the indusiry’s demands. It is a modern protective device that h 


earned the unqualified confidence of operating engineers. Gener 


Electric Co., Schenectady, N. Y. 
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HERE’S WHY THEY ARE 
PREFERRED TODAY 


1903 Explosion-chamber principle applied 


1913 Tanks were made easily removable 


1919 Separating chamber and oil-tight features added | 


1930 Trip-free motor operating mechanism introduced | 
1931 OIL-BLAST added 


AND NOW 


Silver current-carrying contacts — 
reduced maintenance : 


Mechanism improvements — 
reduced operating time: 


Increased insulation strength — 
greater electrical safety) 
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In This Issue— 


DOPTION of 275 kv (287.5 kv at send- 

ing end) for the Boulder Dam-Los 
Angeles transmission lines, together with 
other requirements imposed by desired 
operating characteristics, has necessitated 
the designing and building of special equip- 
ment. Much of this equipment has been 
described in previous issues of ELECTRICAL 
ENGINEERING. In this issue, some of the 
switching apparatus is described. One 
paper describes the huge disconnecting 
switches and outlines the considerations 
entering into their design (pages 582-9). 
A second paper describes one type of oil 
circuit breaker designed to interrupt a short 
circuit on these lines in 3 cycles (pages 
626-35). A third paper describes the cir- 
cuit arrangement designed for testing oil 
circuit breakers of another type which also 
will interrupt a short circuit on these lines 
in 83 cycles, and which were described in a 
previous issue (pages 710-17). 


ISTANCE RELAYING is featured in 2 
papers in this issue. One paper shows 
that the interposition of a grounded neutral 
delta-star or star-delta power transformer 
bank between relay and fault affects the 
relay performance, and presents formulas 
for predetermining the. performance under 
operating conditions (pages 660-72). A sec- 
ond paper describes a new distance ground 
relay that is said to avoid certain difficul- 
ties involved in the application of conven- 
tional distance relays to this type of protec- 
tion (pages 697-703). 


Nee power transformers are supe- 

rior to their predecessors in so many re- 
spects that it is quite impossible to express 
the degree of over-all improvement by a 
single quantity or statement. According 
to one authority, this improvement has 
been achieved through correlated progress 
in 5 basic fields (pages 649-59). These 
improved units, together with the growing 
use of complicated circuits, have necessi- 
tated the introduction of new methods for 
calculating the short circuit impedances 
(pages 717-30). 


out of synchronism are subject to 
high pulsating torques that may cause 
mechanical damage. In order to design 
machines properly to withstand these ab- 
normal forces, and to determine the start- 
ing and synchronizing ability of machines 
under all conditions, it is necessary to be 
able to predetermine the instantaneous 
torque and current relationships under 
these conditions. Methods and examples 
are given (pages 636-49). 


Vee on the highways at night 
must be improved if there is to be any 
marked reduction in fatalities resulting 
from automobile accidents at night, which 
are said to comprise more than half the 
total highway fatalities with only a quarter 
of the daytime traffic volume. One of the 
suggested logical ways of providing such 
improvement is by installing scientifically 
designed systems of fixed lights along the 
highways (pages 614-18; 735-46). 


Y MEANS OF simultaneous  direc- 

tional measurements at 2 -points as 
much as 900 miles apart, thunderstorms at 
distances of several hundred miles from one 
or both of these points have been located 
with sufficient accuracy to permit conclu- 
sive correlation of storm locations thus 
indicated with locations of recorded thun- 
derstorms (pages 575-82). 


INIATURE methods have been de- 

veloped for making laboratory speci- 
mens of oil-impregnated paper insulation, 
subjecting them to high voltage tests, 
observing by electrical measurements any 
changes during life, and finally examining 
them minutely for physical and chemical 
changes that might be indicative of the 
causes of failure (pages 590-9). 


ECOGNITION of all factors contribut- 

ing to the mechanical characteristics of 
porcelain is considered to be necessary in 
order to make most efficient use of such 
material for electrical insulation. Some 
factors that have been either unknown 
or neglected have been found to be of 
major importance (pages 618-25). 


annual report for 1935-36 shows that 
540 Section meetings were held during the 
year ending April 30, 1936—the largest 
number ever reported; during the same 
period 1,045 Branch meetings were re- 
ported (pages 752-4). 


AN engineering view of Steinmetz, as 

presented in the tenth Steinmetz 
Memorial Lecture at a recent meeting of 
the Institute’s Schenectady, N. Y., Sec- 
tion, gives electrical engineers food for 
thought (pages 572-4). 


URRENT VIEWS of problems con- 
cerning electrical engineering curricula 
in educational institutions based upon 
broad concepts of the social purposes that 


engineering serves are summarized (pages 
730-4). 


YDROGEN COOLING, which was 
applied to large synchronous condensers 
several years.ago, has been extended during 
recent years to frequency converters, and 


most recently to turbine generators (pages 
703-709). 


IBRATION of transmission line con- 
ductors caused by wind, and means of 
reducing vibration are discussed and ana- 
lyzed in 2 papers in this issue (pages 600-14; 
673-88). 


LL is in readiness for the Institute’s 

1936 summer convention to be held 
June 22-26, at Pasadena, Calif. The 
program for the Student sessions has been 
announced (pages 747-8). 


CARRIER pilot relaying has been sub- 

jected to further study with the re- 
sult that a faster and simpler system has 
been developed (pages 688-97). 


[= recent meeting held by the Insti- 

tute’s North Eastern District at 
New Haven, Conn., is reported in the news 
section of this issue (pages 748-50). 


RIZE awards for papers presented 

during the calendar year 1935 have 
been announced by the committee on 
award of Institute prizes (pages 754-5). 
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Associates, Members, and Fellows 


—A Message From the President 


DUCATIONAL ADVANTAGES and the for- 
tunate graces bestowed by birth and breeding 
may serve to ornament individual resourceful- 

ness, but they cannot take its place, nor can they, 
within themselves, justify discriminations in a 
common experience. Within every man is the la- 
tent power to increase his material possessions and- 
to raise his standing among men. However, the 
attainment of these ideals is contingent, first, upon 
the desire; second, upon the constant application 
of energy; and third, upon the vigilance to take 
advantage of every available opportunity. 

Thus the fundamental reason behind the estab- 
lishment of the several grades of membership in our 
American Institute of Electrical Engineers is to pro- 
vide recognition of the achievement of a higher 
standing in the electrical engineering profession. 

Primarily, these several grades of membership 
are designed for personal advantage. However, 
they also convey the member’s duty or obligation 
to the Institute and to the engineering profession as 
a whole. 

There are 2 advantages to the member himself. 
The first of these is the material advantage. While 
it is true that no direct material advantage can be 
promised by the Institute to any engineer as a result 
of his becoming a Member or Fellow, nevertheless, 
material advantages do come indirectly to the great 
majority of those who advance to the higher grades. 

Admission to Membership or Fellowship in the 
Institute is a recognition of experience and standing 
in the profession, and certainly if a position of greater 
responsibility is to be filled, the preference, other 
things being equal, most likely would be given to a 
candidate who had attained to one of the higher 
grades of membership. 

The second advantage to the member hiniself 
is based upon a foundation of self-respect and pride 
in accomplishment. This serves in some degree as 
compensation for hard work and attainment; how- 
ever, in a broader sense it is a reward for achieve- 
ment. The higher grades of membership are, in 
reality, marks of distinction. 

The only way that now exists to indicate to the 
public a higher professional standing of individual 
engineers is by granting them promotion to the 
higher grades of membership in the national engi- 
neering societies. 

In addition to the advantages accruing to the 
individual by advancement to the higher grades of 
membership, there is a duty or obligation resting on 
engineers to take as high a position in the profession 
as their qualifications and experience permit, as 
this is a most important way in which the engi- 
neering profession can advance its standing in the 
eyes of the public. aes 

There is, however, another obligation. To main- 
tain its position of eminence in the engineering field, 
the Institute needs the best available material from 
which to select its officers and the men for key posi- 
tions. For this reason, every electrical engineer 


should place himself in the position of availability 
for election to office as soon as he is so qualified. 

The privilege of holding office in the Institute, 
as in all the national engineering societies, usually 
is reserved for those holding the higher grades of 
membership. A certain amount of prestige comes 
from holding such an office, but the real advantages 
to the individual are the larger acquaintanceship, the 
new experiences, and the broader viewpoint gained. 

Many members do not realize that the Institute 
was formed primarily for (1) the advancement of 
the theory and practice of electrical engineering and 
of the allied arts and sciences, and (2) the main- 
tenance of a high professional standing among 
members, and that its strength and prestige are due 
largely to the constant adherence by its leaders to 
these objectives. 

Similarly, many members do not appreciate the 
full significance of the several grades of member- 
ship, in that they were established not only as a 
means of recognition of achievement, but also as 
encouragement to participation in the development 
of individual engineers as well as in technical de- 
velopments. A thorough study of the require- 
ments of each grade will make this apparent. 

During the past several years there has been a 
great deal of discussion in committee meetings and 
among individuals regarding the small proportion of 
the Institute membership in the grades of Member 
and Fellow. Asa result, many suggestions have been 
made to increase the membership in the higher 
grades. 

From the standpoint of endeavoring to interest 
properly qualified Associates and Members in trans- 
ferring to the higher grades, there appear to be 3 
possible methods by which this can be accomplished. 
The first is by personal appeal. The second possible 
method is by recommendations of local committees 
which presumably are in a position to be familiar 
with the candidate’s experience and professional 
record. The third method might be called the 
general broadcasting method, and involves talks on 
the subject by officers and prominent engineers at 
Section and national meetings, and also the distribu- 
tion of special printed material by headquarters. 

Fundamentally, the aspiration to a higher pro- 
fessional standing must originate with the individual 
engineer. He must be actuated by a desire to pro- 
gress in his chosen field. He must be conscious of 
the fact that as a token of the realization and 
acceptance of the ideals and responsibilities of the 
engineering profession, of which he is a part, he owes 
it to himself as well as to his profession to strive 
for the highest possible position. 

In thus striving the individual engineer stimulates 
the continued healthy growth of the Institute and 
enhances the standing of the engineering profession 
as a whole. 


ECB cccegce<— 


An Engineering View of and From Steinmetz 


with a great brain, 

physically weak witha 
misshapen body, not able 
to play or take part in sports 
or social activities, driven 
in upon himself in his early 
life, gave entire devotion to 
mental development. Edu- 
cated in one of the best 
secondary schools and then 
in one of the best universi- 


re endowed 


By GERARD SWOPE, FELLOW A.1.E.E. 


President, General Electric Co., Schenectady, N. Y. 


Despite his handicaps, Steinmetz not only 
made the most of his native ability, but at 
the same time felt warm and active. sym- 
pathy for his fellow men. His life and 
achievements are a genuine tribute to the 
conception and tradition of open-minded 
sympathy and tolerance of ability and ideas 
in America, no matter in what form or 
shape they may come. Upon recom- 
mendation of the A.I.E.E. committee on 


lar activities along the lines 
of social discontent, which 
was very prevalent in Ger- 
many at that time. In 
Steinmetz’s association at 
home and with his fellow 
students, he soon was 
brought to a realization of 
the economic limitations 
under which most people 
lived, to which, having been 
so immersed in his studies, 


ties in Germany, in the lat- 
ter half of the nineteenth 
century, his training in 
science and mathematics 
was thorough, but theo- 
retical. The German uni- 
versity did not specialize in 
technical work or in any 
particular kind of engineer- 
ing, but gave comprehensive 
training in fundamentals, 
which prepared the student to use the 
tools that were placed in his hands in 
any direction that his scientific or 
engineering work might carry him. 

Emphasis on fundamentals, rather 
than on specialization in a particular 
branch of engineering, is still the 
great difference between engineering 
training in America and in Europe. 
I think it is a question of serious 
moment for engineers to consider, 
whether the training in our technical 
schools and colleges should not be 
conceived on a broader base, rather 
than laying emphasis on proficiency 
in narrow and specialized fields, as 
at present. Such specialized training, beginning 
too early and without a proper foundation of a 
broad character, warps the viewpoint and outlook 
of the engineer, does not train him to think compre- 
hensively, limits his ability and his opportunity 
throughout the major portion of his life and es- 
pecially during the years of greatest creative devel- 
opment and accomplishment. Some of our engineer- 
ing schools are beginning to place more emphasis on 
the broad studies of pure mathematics and science, 
rather than on special applications, and many indus- 
tries are looking for men with such training, deferring 
specialization until the men have chosen the field of 
their life’s work. 

Although Steinmetz did not mingle with his fellow 
students, his great mental endowment, his pre- 
eminent ability in mathematics, soon brought him 
their admiration. This admiration was the basis 
of his meeting some of these students in extracurricu- 
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education, full text of the Tenth Steinmetz 
Memorial Lecture delivered by Doctor 
auspices _ of 
Steinmetz Memorial 
the Institute’s Schenectady, N. Y., Sec- 
tion, April 20, 1936, is presented herewith. 


Doctor Swope 


he previously had not given 
much thought. His natu- 
rallysympathetic and gener- 
the ous viewpoint was affected, 
possibly to even a larger ex- 
tent than it would have been 
in a normal healthy young 
man, and he became the 
center of this small group 
of students, writing articles 
on the social and economic 
conditions that prevailed during that 
period. It was these meetings of 
discussion and consideration of social 
theories and his articles on social 
problems that finally compelled him 
to leave Germany and eventually 
to find a shelter in America. Here, 
fortunately, he found work in a 
sympathetic atmosphere of the kind 
he could do best, finding mathematical 
solutions of the early problems of al- 
ternating current, for which at that 
time there was a crying need. But 
all through his life he never forgot 
his experience in Germany, nor did 
he ever lose his feeling of sympathy 
and consideration for others, especially those less 
fortunate than himself in the conditions under which 
they lived. It might have been so easy for a man, 
absorbed as he was in the abstract and abstruse 
nature of his mathematical work, involving highly 
complicated problems, to forget the human side; 
and it was characteristic of him that as he became 
more prosperous he never lost touch with human be- 
ings, as such, nor with their needs. It was this 
human aspect of social problems and the human 
interest he took in people that endeared him to 
children and to anyone who got beyond the thresh- 
old and learned to know the inner man. 

It was his particular province, as experiments in 
electricity unfolded the law that underlay the 
phenomena, to develop and apply his mathematical 
formulas so that in the design of machinery the re- 
sults could be predicted. It was his contribution 
and the application of his work that made the process 
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of designing one of real engineering, rather than an 
accomplishment by trial and error. 

As better electrical apparatus was designed and 
built, he believed that this scientific development, 
as carried out in engineering products, eventually 
would serve to ameliorate the conditions under which 
people lived, to reduce the toil and drudgery of life 
and the number of hours people would have to work 
to earn a livelihood, and so give them greater leisure 
to pursue their individual tastes. He recognized, 
however, that the achievement of the application of 
science, with the aid of mathematics and engineering 
work, would take time, that it could not be done at 
once or by fiat. A shorter workday, or workweek, 
could come only through the increased mechaniza- 
tion of industry, which while not lessening the work- 
ers’ earnings would lower costs, thus lowering the 
selling prices and making the articles available to a 
larger portion of the community, thereby increasing 
the demand and _ increas- 
ing employment. Further- 
more, a shorter workday 
must be accompanied by 
education and training of 
men and women for the 
better and well considered 
use of the leisure that 
ensued. 

As I said, his abstract 
mathematical computa- 
tions permitted engineers 
to design better, more ef- 
ficient, and more enduring 
apparatus than _ before. 
He had the joy of finding 
a solution for seemingly 
insolvable problems, and 
the even greater joy of 
knowing that his _profes- 
sional attainments would 
bring greater comfort to 
millions of people. These 
considerations of the 
sphere and opportunity of 
a scientist, mathematician, 
inventor, or engineer are 
ennobling and give to him 
not only great joy, but 
also keen satisfaction in 
the material help that his work will bring to many. 

The second aspect is what Steinmetz’s life and 
accomplishment meant to others. His life and 
career seem to me, to use a mathematical term, 
to illustrate to the mth degree how unpredictable a 
man’s attainments may be. In colleges, in industry, 
in the professions, and possibly to a lesser degree 
in other fields of activity, we try to devise methods 
of selecting young men and women of promise, 
who have character, personality, and ability, who 
may go far in accomplishment and leadership, so 
much needed in industry and in a democratic society 
such as ours. One wonders if the best methods we 
have been able yet to devise for selecting the promis- 
ing young people, gauging their ability by examina- 
tions either in college or in the civil service, judging 


June 1936 


Charles Proteus Steinmetz 


their characters by people who have known them and 
their personalities by the way they impress people 
they meet, would ever have selected Steinmetz 
for the career he carved out for himself. This does 
not mean that we must leave such selections to 
the haphazard processes of probability and chance. 
This is the rule in nature, where time is not a factor 
and the units are countless. With human beings, 
however, time is a very definite limitation; further- 
more, we must try to use the consciousness and 
ability with which men are endowed, which alone 
distinguish them among the earth’s inhabitants, 
and we must continue our efforts to develop methods 
for the best selection of men and women of promise. 
It always will be true that human effort will fall 
short when confronted with such an exceptional 
case as Steinmetz presents, but this should not dis- 
courage us in trying to find better methods for the 
selection of the leaders of tomorrow. 

One cannot help but feel 
stimulated by the thought 
that the open door and 
the freedom of opportu- 
nity that in this case was 
offered to an exceptionally 
gifted man characterizes 
the United States and its 
institutions. This country 
long has had a concep- 
tion and a tradition of 
freedom and has offered an 
equality of opportunity to 
men and women for their 
development, which on the 
whole has brought about 
a fairer distribution of 
material wealth and liveli- 
hood than in any other 
country in the history of 
the world. This breadth of 
view and tolerance, sym- 
pathy, and admiration for 
a man’s genius, irrespec- 
tive of his nationality or 
his class or his creed, is 
illustrated magnificently 
by Steinmetz’s entrance 
into this country as a pen- 
niless immigrant, finding 
work and recognition leading to a full realization of 
his capabilities. He was so impressed with the 
breadth of opportunity here that he became en- 
thusiastic and soon applied for citizenship. Through- 
out his life he had a deep feeling of devotion for the 
country of his adoption, which so widely and so 
generously had opened its doors to him. Who would 
have imagined that a man fleeing from persecution 
because of his ideas for the betterment of society, 
regardless of whether the ideas were well or ill con- 
ceived, could come to foreign shores, poor and with- 
out friends, with great physical handicaps, find work 
in his field which was abstract and apparently far 
removed from this workaday world, rise to the high- 
est pinnacle of his chosen profession, and receive the 
highest honor from the hands of his brother engineers 
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in being elected president of the American Institute 
of Electrical Engineers? His life and achievements 
are a genuine tribute to America that should make 
us all cling to this conception and tradition of open- 
minded sympathy and tolerance of ability and ideas, 
no matter in what form or shape they come. 

He was fortunate that his first employer* in America 
recognized this talent and that his second and 
only other employer, the General Electric Company, 
also recognized his capacity and gave him an un- 
trammeled opportunity, allowing him to work under 
conditions congenial to him and to develop his 
specialty to the greatest extent. This attitude to- 
ward ability, in whatever form it may come, is char- 
acteristic of industry in general in this country. 
Great industrial organizations must be made up of an 
aggregation of many people, of many viewpoints, 
and of varying degrees of mentality, each of whom 
can contribute something in small or large measure 
to the completed result that the industrial organiza- 
tion has set before it as its goal. That is why large 
industrial organizations can find a place for geniuses, 
allowing them either to work alone or with others 
and find an opportunity for their special talents, 
whether they be research workers in pure science, 
inventors, engineers, mathematicians as Steinmetz 
was, or organizers and leaders of men. In many 
industrial organizations, research work in pure sci- 
ence is conducted without any thought of immediate 
application, on the theory that if knowledge be broad- 
ened all the human race will benefit. Possibly the 
industry in which this work is done may reap the 
first reward in the application of such new discovery 
or invention; this is not true in every case, however, 
but even when it is so, the beneficiary of such re- 
search work is eventually the public. The benefits 
to the public are many times the cost of such work 
or the amount of profit that any particular indus- 
trial organization may secure. I do not mean to 
imply that large organizations can do it all, for 
there always will be smaller organizations that will 
make valuable contributions by specializing in par- 
ticular fields or in particular localities, and such 
small organizations may be more congenial for 
some men to work in than larger ones. Both large 
and small organizations are necessary for the develop- 
ment of industry, individuals, and society. 

Steinmetz had a pride in the institution of which 
he was a part, and he was never so happy as when 
problems were brought to him that he could aid in 
solving. His also was the pride of accomplish- 
ment and assistance to others in an organization of 
which he was proud to be a member. 

From both these viewpoints, of looking at Stein- 
metz’s work from his attitude toward life and at his 
accomplishment from the viewpoint of the engineer- 
ing profession, what lessons can we learn to improve 
engineering education, in order that the young man 
may acquire thorough scientific training and the 
breadth of view engineers should have as to their 


* The first job Steinmetz obtained in America was as draftsman at the Osterheld 
and Eickemeyer electrical factory in Yonkers, N. Y.; soon he was given charge 
of allnew and experimental work in the establishment, and later he was put in 
charge of the research laboratory. In 1892, the firm merged with the General 
Electric Company and he was sent to Lynn, Mass.; the next year he was trans- 
ferred to Schenectady, N. Y., as chief consulting engineer, remaining in that po- 
sition until his death on October 26, 1923, 
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responsibilities outside their purely professional work? 

From the standpoint of engineering education in 
America, as I have said before, possibly we have gone 
too far in specialization and should place more 
emphasis upon the basic conception of science and 
on the study of fundamentals. It is highly desir- 
able that we keep up the high standard of the aver- 
age of our graduates of engineering courses; but 
while maintaining this high standard of the average, 
we also should seek to bring out the specially gifted 
man of greater ability than the average. A begin- 
ning is being made in America, in a limited way, 
by the introduction of what has long been the prac- 
tice in England, of the honors course, in giving 
to the highest portion of the class an opportunity to 
work for honors, not holding them so rigidly to the 
usual courses and discipline but insisting that their 
work be of a standard and of a character to justify 
their greater liberty of action and choice of studies. 

Such men should be encouraged to interest them- 
selves in, and to study the history of, industry before 
and since the introduction of the factory system, 
which came in, as a matter of fact, as a result of the 
work of engineers and of applications of power to 
aid or replace human toil. To specialize early and 
too narrowly is the easiest way to immediate results. 
It is natural for engineers, whose work is so largely 
the solution of a particular problem using exact 
methods, to look neither to the right nor to the left. 
It is recognized by all to be essential in designing 
machinery, or in any large engineering project, 
that the engineer must calculate with a nicety 
how his engineering designs will work out; further- 
more, he must take into consideration not only 
whether they will work or can be done, but also at 
what cost. This is the economic factor that engi- 
neers introduce into a laboratory experiment, not only 
whether the work can be done, but how much it 
will cost to do it; whether it be economically justi- 
fied and if so whether the best way has been found. 
But over and beyond all this is the still broader 
aspect of the engineer’s work. He must consider 
the social reactions of his profession, which means 
taking into consideration not only the economic and 
efficient design of apparatus or engineering struc- 
tures and what they will accomplish, but also the 
condition under which the work is to be done, of 
stimulating and developing workers. The engineer 
too long has considered that his problems are all 
bound up with inert material. As a matter of fact, 
an even larger consideration must be the human 
beings who are to work out his conception, not 
only the people who are directly working on the 
project, but also the public which will be served by 
the completed product. 

I commend then to engineers these 2 thoughts: 
first, the value of a broad conception of the engi- 
neer’s responsibility to himself, to his fellow workers, 
and to the community; second, the richness of a 
life that has made the most of native ability and 
also has felt warm and active sympathy for fellow 
men—which in the case of Steinmetz brought him 
the recognition, the honor, and the respect of his 
profession, as well as of the larger community in 
which he lived. 
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Fields Caused by 


Remote Thunderstorms 


The object of the studies described in 
this paper was to verify the supposition 
that certain types of short-duration longi- 
tudinal voltages appearing in communica- 
tion circuits are caused by remote thun- 
derstorms. By means of simultaneous di- 
rectional measurements made in the fre- 
quency range below 40 kilocycles at 2 
points as much as 900 miles apart, thunder- 
storms at distances of several hundred miles 
from one or both of these points have been 
located with a degree of accuracy great 
enough to permit conclusive correlation 
of the storm locations indicated by the 
directional measurements with the loca- 
tions of recorded thunderstorms. Methods, 
equipment, and results are discussed. 


: By 
K. E. GOULD 


ASSOCIATE A.1.E.E. 


Bell Tel. Labs., Inc., 
New York, N. Y. 


I. the summer of 1931, an investiga- 
tion was begun to determine the magnitudes, fre- 
quency of occurrence, and wave shapes of short- 
duration longitudinal voltages appearing in com- 
tnunication circuits in certain sections of New Jersey. 
While these disturbances were of about the same 
durations as those caused by local thunderstorms, 
and of somewhat similar wave shapes, they were not 
limited to times of local thunderstorms and it was 
at first thought that the voltages must be the result 
of transient induction from a nearby electrified rail- 
way or from adjacent power lines. The maximum 
horizontal electric intensity* during such non-storm 
periods occasionally would exceed 400 volts per mile, 
a voltage gradient comparable to that produced in 
severe exposures by induction from power line short 
circuit currents. Several oscillograms illustrating 
characteristic wave shapes of the horizontal electric 
intensity associated with these disturbances are 
shown in figure 1. These oscillograms were taken in 


A paper recommended for publication by the A.I.E.E. committee on electro- 
physics, and scheduled for discussion at the A.I.E.E. summer convention, 
Pasadena, Calif., June 22-26, 1936. Manuscript submitted Apr, 4, 1936; 
released for publication Apr. 17, 1936. 


*Throughout the paper, ‘“‘horizontal electric intensity’’ refers to the horizontal 
component ordinarily considered in the case of the low frequency wave antenna 
and does not include the transverse horizontal component, which generally is of 
importance only at the higher frequencies. 
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New Jersey in 1933 with a portable cathode ray 
oscillograph of the glass-tube sealed-off type, with 
external photographic recording. 

From the studies carried on in the summers of 
1931, 1932, and 1933, it seemed likely that these 
electromagnetic disturbances were caused by remote 
thunderstorms. In the summer of 1934, simultane- 
ous measurements were made of the direction of 
propagation of these transient fields at various pairs 
of points separated by distances of several hundred 
miles. Whippany, N. J., was used throughout as 
one of the test locations, and for the second location 
certain points were chosen at which, in view of the 
data obtained incidental to certain other measure- 
ments, it was thought that the fields produced by 
remote thunderstorms would be particularly large. 
The locations used for the second test point were as 
follows: Cadillac, Michigan; Eau Claire, Wisconsin; 
Atlanta, Georgia; and Hagerstown, Maryland. 
The base line lengths with these points were, respec- 
tively, 607, 905, 730, and 190 miles. With these 


‘locations, the base line for the triangulation measure- 


ments had several substantially different directions, 
thus providing favorable conditions for the location 
of sources in several different areas. 


EXPERIMENTAL PROCEDURE 


One characteristic feature of the directional meas- 
urements for the location of thunderstorms by 
triangulation, as made in the present study, con- 
sisted of the use of “‘probes,”’ or ground return cir- 
cuits, mutually perpendicular from a common point 
and 500 feet or 2,000 feet in length. The arrange- 
ment employed is shown schematically in figure 2. 
With this arrangement the direction of propagation 
will be indicated by a straight** line on the screen of 
the oscillograph, if the following conditions are 
satisfied: 


1. Plane-polarized radiation. 
2. Quasi-tilt angle,1 at any given frequency, the same for all direc- 
tions of propagation. 


8. Probes short enough and grounded through sufficiently low 
resistances at the far ends, that the voltage appearing across each 
pair of plates of the oscillograph is practically the integral of the 
electric intensity along the length of the respective probe. 


The significance of the directional measurements with 
the probes at Whippany was verified by making 
simultaneous directional measurements at that point 
with probes and with untuned vertical loops mu- 
tually perpendicular. These measurements showed 
substantial agreement between the directions indi- 
cated by the 2 methods for the records in which the 
directions were sharply defined. Some of the direc- 
tional records consisted of open figures (see figures 3 
and 4), whether probes or loops were employed. 

In other investigations, direction of propagation, 
either of atmospheric disturbances? or of the field 
produced by a transmitting aerial, usually has been 
determined with a receiving system that responded 
principally to the vertical component of the electric 
**Nearly straight, strictly speaking. Slight curvatures result from lack of 


proportionality between voltage applied to the deflection plates of the oscillo- 
graph and deflection of the electron beam. 


1. For all numbered references, see list at end of paper. 
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Characteristic wave shapes 


intensity, although it has been suggested that the 
spaced-aerial system might provide accurate direc- 
tional measurements if arranged to respond princi- 
pally to the horizontal component of electric in- 
tensity.° With the receiving system used in the 
present study, it was, of course, principally the 
horizontal component of the electric intensity that 
was effective. 

For some rough comparisons of the relative magni- 
tudes of the horizontal and vertical electric intensi- 
ties a third loop in a horizontal plane was used in con- 
junction with the 2 vertical loops mentioned above. 
In particular, this horizontal loop was used to verify 
the supposition that the horizontal electric intensity 
ordinarily was small compared with the vertical 
electric intensity. With each of these loops, a 
resistance-capacity circuit was inserted between the 
loop and the measuring equipment so that, for a 
given field strength, the oscillograph deflection would 
be approximately constant for frequencies from 1 to 
40 kilocycles. 

A second characteristic feature of these directional 
measurements was the use of measuring equipment 
(probes, amplifiers, and cathode ray oscillographs) 
having little frequency discrimination for all fre- 
quencies of any importance below 40 kilocycles. 
Portable cathode ray oscillographs of the glass-tube 
sealed-off type were used for the directional measure- 
ments, both with the probes and with the loops. 
Three amplifiers, each with an adjustable voltage 
gain of from 1 to 50,000 (0 to 94 decibels), were used 
in conjunction with the 3 loops in order to provide 
sufficient sensitivity to obtain satisfactory deflec- 
tions on the oscillograph screens. Two amplifiers 
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with a maximum voltage gain of 60 (36 decibels) were 
used in conjunction with 2,000 foot probes at Whip- 
pany in order to obtain satisfactory oscillograph 
deflections therefrom, 2 of the high gain amplifiers 
being used with one of the cathode ray oscillographs 
for directional measurements with 500 foot probes at 
the second test location during the triangulation 
measurements. For all the amplifiers used, the gain 
was practically independent of the frequency from 1 
to 25 kilocycles and varied but little from 25 to 40 
kilocycles. Although the phase shift changed con- 
siderably with frequency, the characteristics of the 
3 high gain amplifiers were practically identical as 
regards phase shift, as were those of the 2 low gain 
amplifiers. 

External photographic recording of the directional 
patterns shown on the oscillograph screen was em- 
ployed in the location of storms by triangulation, the 
35 millimeter film being moved continuously and at 
nearly the same rate, about 1 foot per minute, in the 
2 instruments. Simultaneous timing marks were 
put on both films occasionally, and these marks, to- 
gether with the distribution characteristics of the 
records along the films, made possible the identifica- 
tion of many records unmistakably simultaneous on 
the 2 films. On almost all the films the frequent 
occurrence of smaller figures produced by fields of 
intensities lower than the maximum for which the 
measuring equipment was adjusted made it impossi- 
ble to identify as simultaneous or to measure accu- 
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Some oscillographic triangulation records 
from tests made at Cadillac, Mich. 
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rately more than a very small percentage of the total 
records. 

In figure 3 are shown a few triangulation records 
from the Cadillac tests. The upper film shows 
directional measurements at Whippany made simul- 
taneously with the directional measurements at 
Cadillac shown on the second film. The third and 
fourth films are similar to the first and second, re- 
spectively. Several simultaneous records are indi- 
cated with check marks to facilitate comparison of 
the films from the 2 locations. In figure 4 are shown 
triangulation records from the Atlanta tests during a 
storm fairly near Atlanta (location 18 of figure 5), 
the films being arranged as in figure 3. The compli- 
cated character of some of the directional records is 
illustrated in figures 3 and 4. 


METHOD OF ANALYZING TRIANGULATION RECORDS 


The directional records that showed distinct direc- 
tions, and that unmistakably were simultaneous on 
the films taken at the 2 test locations, were pro- 
jected on enlarged polar calibration sheets and the 
magnitudes and angles recorded (the angles in 
degrees east or west of north, with an ambiguity of 
+180 degrees). Usually it was possible to read the 
angle to within +2 degrees. For each pair of angles 
from the directional measurements made at Cadillac, 
Eau Claire, and Atlanta, in each case together with 
Whippany, the latitude and longitude of the corre- 
sponding location were read from a gnomonic chart, 
at the intersection of the 2 radial lines representing 
these angles. For the gnomonic charts, the Hydro- 
graphic Office Chart No. 1280 was used, with the 
longitude scale shifted westward 45 degrees and with 
compass roses® drawn from the 2 test points (Cadillac 
and Whippany, etc.). 

The locations determined as described were plotted 
on an auxiliary chart simply to facilitate grouping 
the records that showed nearly the same angle at 
both test locations. The angles for these groups 
were averaged and the locations corresponding to 
these average angles read from the gnomonie charts, 
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Fig. 4. Some oscillographic triangulation records 
from tests made at Atlanta, Ga., during a nearby 
storm 
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these latter locations representing, it was believed, 
the best determination of the locations of the sources. 

In the case of the Hagerstown tests, the distance 
between the test points being too short to permit the 
use of the available gnomonic chart, the Mercator 
Position Plotting Charts of the Hydrographic Office 
were used, the half-convergency correction being 
read, for successive approximations, from a nomo- 
graph.’ As a matter of fact, this correction was 
found to be substantially unchanged after the first 
approximation. 

Table I gives the number of records that could be 
grouped as mentioned above and the spread in direc- 
tion at the 2 test points, in degrees from the average 
direction. The angular spread generally is small, 
it may be noted, and appears generally to be larger 
for the cases in which the storm was relatively close 
to the measuring apparatus. This is particularly 
true of location 6 as regards the measurements at 
Whippany, 1 at Cadillac, and 16, 17, and 18 at 
Atlanta. (See the following section.) The size of 
the storm area alone might account for the larger 
angular spread for the closer storms, but it would 
seem possible that the directional measurements 
were less accurate for the closer storms, because in 
such cases more open figures were obtained, whereas 
for the more remote storms the directional records 
usually were straight lines. 

In addition to the measurements that could be 


577 


ed 


S 


TM 
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grouped so that the angular spread was fairly small, 
there were, of course, scattered measurements that 
could not be so grouped. The number of such 
measurements was not large, being perhaps 20 per 
cent of the total number of records. Apparently 
there was no way of ascertaining whether these 
scattered records represented sources from which 
only one isolated record was obtained, or erroneous 
apparent directions. In view of the fact that, for 
several of the locations, only a few records were ob- 
tained that showed accurately measurable directions 
and that were unquestionably simultaneous on the 2 
films, it seems likely that many cases would occur of 
a single record from one location. In analyzing the 
data, only those locations indicated by 3 or more con- 
curring records were considered, with the single 
exception of location 19, which was retained although 
indicated by only 2 records, because it was the only 
case of satisfactory triangulation data at Hagers- 
town. 


LOCATION OF STORMS BY TRIANGULATION 


In figure 5 are shown, as crosses inside the quadri- 
laterals and numbered 1 to 11 inclusive, the locations 
resulting from the triangulation measurements at 
Cadillac and Whippany. These represent all the 
inland locations for which several records indicating 
substantially the same location were obtained during 
a test run, and for which the intersections of the 2 
directions occurred at angles that provided reason- 
ably accurate locations of the sources. Several 
indefinite locations resulting from intersections at 
small acute or large obtuse angles have been omitted, 
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as well as some locations off the eastern coast, for 
which it was not possible to obtain information from 
weather reports. 

To indicate the areas over which it seemed ad- 
visable to look for thunderstorms to correlate with 
the respective locations shown in figure 5, the areas 
bounded by the directions + 5 degrees from the aver- 
age directions indicated by the directional measure- 
ments are shown by the dotted quadrilaterals in figure 
5. It is believed that the accuracy of the measure- 
ments, excluding possible false directions resulting 
from the type of polarization of the propagated radia- 
tion or from geological irregularities that would cause 
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Fig. 7. Daily weather map for July 27, 1934 


the tilt angle to be different in different directions, 
is within + 5 degrees. 

The locations shown as 12, 13, and 14 in figure 5 are 
those obtained from the triangulation measurements 
at Eau Claire and Whippany. 

Figure 5 shows, as 15 to 18 inclusive, all the satis- 
factory locations resulting from the Atlanta tests. 
It may be noted that locations 16 and 17 were deter- 
mined from the same test run, the 2 thunderstorms 
apparently occurring simultaneously. Results of 
the tests at Atlanta were of particular interest be- 
cause, in the case of location 18, occasional flashes of 
lightning were visible on the horizon and in the 
general direction indicated by the directional meas- 
urements from the test location at Atlanta. 

For the short period of the tests at Hagerstown, 
only one storm location could be determined satis- 
factorily from the triangulation records, this location 
being shown as 19 in figure 5. The short distance 
between the 2 test locations in this case made satis- 
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factory triangulation measurements impossible for 
storms several hundred miles from the test points. 
In other words, most of the simultaneous records 
obtained during the Hagerstown tests showed nearly 
the same direction of propagation at Whippany and 
at Hagerstown. 

In attempting to correlate the locations from the 
triangulation measurements with reported thunder- 
storms, it was, of course, impossible to obtain com- 


Table I—Records From Triangulation Measurements 
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Maximum Difference Between Observed 
Directions and Average of Observed 
Directions, Degrees 


aa gece Portable 
ocation a hippan Oscillograph 
No. Number a - ld 
(Figure 5) of Records Plus Minus Plus Minus 
DB ee te corer ace Ae ices arse CLR Say ek eee Att 3S Six soe 5 
Di ceterce cated Blea o err DS oper EES Be pe eer cas Bic odeote eee ts 2 
SB bisgh okcane ee Sods ears Lea eae Diarra gt 3 3 
oS Seer erase Ct ie Sees Peer ee oa: ONG i Ms et Beccles suns aes 6 
DyMite esac erases Oe Ghee nie 1b eee ee DATS: Meghan OMe eas 1 
Gohan tren eas Aree esiee ts se Bis Hen aed Der races Drercuet ease fea 3 
(Oe A On eee Airport ene ise en ey es Oeste te Ce A eh 6 
Beeston se: Disco ee we ark Fah ote ote AE Oy RENE i eopioeeas ease 2 
ere etaxe ihe ene ene Ra Dinerapremm yew UD eeetenetieste ts PAE ey ress 1 
WOR Ricat as tsa saan Pega She nies De Nae tatn Ts DC enter 3 
Lea eset Giana eee Fea ee ORE eta eae Se, Ore rac teen 5 
een ate eer SO pert eee Be roprekteecets Deer tee ae es 6 abe RAI oteses 7 
Sets ase eases Wye tees Lae pene ge creer AeA crea csteteiee 4 
VA Set fiscere aa ee eee ey Dee nh We rs Domrtetiee sue 2% Beat 4 
US Ate trees a ge caer Dicker meccestar’ Demian Mersetee PR ore ee 2 
AGinias ae eevee Y Repro, Dee Die eects aes OW aire ashes Ek! Berea rs 12 
MNGi sorcerers, = 1h Lee eS Beavis Groene eee mrss dl Opt semeersrer mers 7 
aUSS Setters thet edats a ee ot Ba ccaerer Me oe ae ee DV eterna 29 
Orcas cecivactes Wepre ROP mes bse ee Orton ital estes DI Mee tt 3 


Table [I—Correlation of Results of Triangulation Measure- 
ments With Reported Thunderstorms 


Location of 


Location From Triangulation 


Measurements (See Fig. 5) 


Portable Reported Thunderstorm Locations 
Equipment . 
Time of Time of Reported 
Measurements Thunderstorm 
Hour? Hour 
Date  (E.S.T.) Station Date (E.S.T.) 
Cadillac, Mich. 1 7/26 8:50 N. of Toledo, O. 7/26 8:42 
2 7/26 8:50-12:42 Asheville, N. C.1 7/26 4-8 
38 7/26 8:50-12:42 Cape Henry, Va. 7/26 12N. 
4 7/27 12:04-2:03 Sprigg, W. Va. 7/26 8:18-9:30 
5 7/27 4:05 E.of Albany,N.Y. 7/27 4:02 
6 7/27 6:06 Albany, N. Y. 7/27 6:02 
fH PHE Kode) Washington C.H.,O. 7/27 5:45-5 55 
8 7/27 10:05 Elkins, W. Va. 7/27 5-8 
9 7/28 2:10 Boston, Mass. 7/28 4-6 
Portland, Me. 7/28 2-3 
10 7/29 2:02 Norfolk, Va. 7/29 6 
11 7/29 2:02 Richmond, Va. 7/29 & 
Eau Claire, Wis. 12 8/1 9:33-12 Knoxville, Tenn. 8/1 11:45 
VSS) 26905, Alpena, Mich. 8/2 7-9 
14 8/2 9:05 Alpena, Mich. 8/2 7-9 
Atlanta, Ga. 15 8/14 12:37 
16 8/18 4:28 Charlotte, N.C. 8/18 2-6 
17 8/18 4:28 Wilmington, N.C. 8/18 3-7 
18 8/20 6:52 Birmingham, Ala. 8/20 5 
Hagerstown, Md.19 8/24 2:32 Washington, D.C. 8/24 3 


1. Thunderheads N. W. of Anderson, S. C., at 1:42 p.m. 
2. Light faced numerals indicate forenoon;j bold faced numerals indicate after- 


moon. 
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plete thunderstorm reports from stations spaced 
closely enough to permit every thunderstorm to 
be reported and its location at any given time made 
known. Hence it was to be expected that only in 
fortuitous cases would it be possible to tell the exact 
location of the thunderstorm producing the observed 
disturbances. In fact, it was anticipated that the 
available thunderstorm reports might be insufficient, 
in at least some cases, to establish definitely whether 
or not any thunderstorm existed, at the time of the 
measurements, in the region from which the disturb- 
ances apparently came. 

As a matter of fact, it was found that of the 19 
locations resulting from the triangulation measure- 
ments, all but 1 of these locations were found to 
correspond at least fairly well with reported thunder- 
storms. Most of these cases of correlation are quite 
conclusive, although in a few cases the locations and 
the times do not agree well enough that the correla- 
tions appear unquestionable. For the single case in 
which no definite correlation was found to exist 
(location 15) it cannot be said that in all likelihood 
no thunderstorm occurred near the indicated location 
at the time of the tests, because (1) a considerable 
part of the area shown for this location extends over 
Lake Ontario, thus making weather reports for this 
location necessarily incomplete, and (2) the daily 
weather map shows that thunderstorms had occurred 
generally in the vicinity of this location in the 12 hour 
period preceding 8 a.m. of the day of the test which 
resulted in this location. 

The correlation obtained between the results of the 


Fig. 8. Daily weather map for July 28, 1934 
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Fig. 9. Daily weather map for July 29, 1934 


triangulation measurements and reported thunder- 
storms is summarized in table II. The reported 
storms of table II are from detailed data obtained 
from the U.S. Weather Bureau except in the case of 
Sprigg, W. Va. (location 4) which was from a power 
company trouble report. The reported thunder- 
storm locations are indicated in figure 5 by circles, 
and table II shows the extent to which agreement 
obtained between the times of the tests* and the 
times of the observed thunderstorms. 

In the case of the Cadillac tests, a rather intensive 
study was conducted from the morning of July 26 to 
the afternoon of July 29, measurements being made 
for approximately 30 minutes at intervals of 2 hours 
for the first 2 days, after which the interval was 
increased to about 8 hours. In spite of the fact that 
favorable testing periods occurred only occasionally, 
and that even under the most favorable circum- 
stances the only storms that can be located by such a 
testing procedure are the few which produce the 
larger disturbances at both locations, the locations 
shown by these triangulation measurements could be 
correlated, in a general but definite way, with the 
changes in thunderstorm areas from day to day. 

This correlation is shown in figures 6 to 10 inclu- 
sive, in which the locations from the triangulation 
measurements have been indicated by small num- 
bered squares on the appropriate daily weather maps 
for the area generally east of the Mississippi River. 
The Weather Bureau stations that reported thunder- 
storms during the period covered by a given map are 


*Where the test period during which the records indicating one of the storm loca- 
tions were obtained was less than one hour, table II gives as the time of the 
measurements the beginning of this period, 
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shown by small circles, the accompanying designa- 
tion a or p, or both, indicating whether the thunder- 
storm reported occurred before or after the noon of 
the preceding day. These weather maps cover the 
24 hour period preceding 8 a.m. of the date of the 
map, and although the weather conditions a few 
hours after 8 a.m. of a certain day are usually best 
determined from the map for the following day, the 
map for the same day may be of considerable signifi- 
cance in such a case. Similarly, significant data 
regarding the weather conditions a few hours before 
8 a.m. of a certain day may be shown on the map for 
the following day. Thus, the locations from the 
triangulation measurements have been shown not 
only on the map that would seem most applicable, 
but in certain cases on 2 successive maps. It may be 
noted that the locations shown follow the rainfall 
areas, which are, as the maps show, generally the 
thunderstorm areas. 

Although the measurements with the portable 
equipment made elsewhere than at Cadillac were 
not extensive enough to correlate with movements of 
storm areas, the locations resulting from the triangu- 
lation measurements lay consistently in storm areas. 
In the case of the Atlanta tests, in particular, the 
correspondence between the locations obtained by 
triangulation and the storm areas indicated by the 
weather maps was the more marked because of the 
fewer reported thunderstorms. 


FIELD STRENGTHS 


Obviously the horizontal electric intensities meas- 
ured at the various test locations are not significant 
as regards the maximum intensities to be expected 
at these locations. The measurements made do not 
even provide a reliable conclusion regarding maxi- 
mum intensities that occurred during the test peri- 
ods, because the amplifier gains were adjusted to give 
frequent records. However, the intensities measured 


Table IlI—Maximum Horizontal Electric Intensities 
Location of Storm Maximum Horizontal Great-Circle Distance, 
Portable Location Electric Intensity, in Miles From 
Equipment (Fig. 5) Volts per Mile Storm to 
At Location Location of 
of Portable Portable 
At Whippany Equipment Whippany Equipment 
Cadillacs e-.o.. Dnsaeangeie DY aC NaN Sin Sos cntences 491 ee 159 
OP ae es LOMO sc eae LR Sieur 5880 coer 620 
Sikes LSt0. er Souk ae mers 262 eae 705 
4 eae 53. there Sle” tas See AS Timers 499 
Seaceotatard OSue Sh eee oS onary. # ee: 143 hoes 579 
Geers Hohe Mee 30, eee 2k eee 559 
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during the tests may be of some general interest. 

In table III are given the maximum horizontal 
electric intensities measured at the 2 test points for 
each storm location. Great-circle distances from the 
storm locations to the measuring points also are 
given in this table. 

In the case of the Cadillac tests alone, the data are 
sufficiently extensive to indicate a marked diminu- 
tion of the field strength as the distance from the 
storm becomes greater. No consistent relation be- 
tween field strength and distance would seem likely 


Table IV—Ratio of Maximum Vertical Electric Intensity 
to Maximum Horizontal Electric Intensity, for 57 Records 


Number of Records Showing 


Range of Ratio Ratio Within This Range 
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to exist, in view of the different wave shapes of suc- 
cessive disturbances. Moreover inasmuch as thun- 
derstorms differ greatly in violence, any inferences 
regarding propagation characteristics of the fields 
produced by the lightning strokes must be drawn 
from a comparison of the relative magnitudes of the 
voltages measured at the 2 test points, without 
regard to the absolute magnitudes, and taking ac- 
count of the fact that if the earth resistivity is not 
the same at the 2 test points, the horizontal intens1- 
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Fig. 10. Daily weather map for July 30, 1934 
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AT CADILLAC TO THAT AT WHIPPANY 


RATIO OF HORIZONTAL ELECTRIC INTENSITY 


{0} 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 
RATIO OF DISTANCE OF STORM FROM WHIPPANY TO DISTANCE FROM CADILLAC 


Fig. 11. Relation between field strengths and 


distances—Cadillac tests 


ties at these points will be different even with a 
storm at equal distances from these 2 points. 

For each of the locations resulting from the tri- 
angulation measurements of the Cadillac tests, the 
average value of the ratio of maximum horizontal 
electric intensity at Cadillac to that at Whippany is 
plotted in figure 11, against the ratios of the dis- 
tances of the storms from Whippany and from 
Cadillac, respectively. Although obviously it is not 
possible to infer propagation characteristics from 
these data, the trend of increased ratio of intensities 
with increased ratio of distances, as shown in figure 
11, shows that the measured field strengths are, in 
a general way, in accordance with the locations de- 
termined for the storms. It may be noted that this 
same general relationship between distance and field 
strength exists for the tests other than those at Cadil- 
lac. 


QuasI-TILT ANGLE 


As mentioned previously, the measurements at 
Whippany in which the voltages produced in the 3 
loops were compared indicated that the maximum 
vertical electric intensity generally was large com- 
pared with the maximum horizontal electric inten- 
sity, but these measurements did not provide accu- 
rate quantitative data regarding the ratio of these 2 
components of electric intensity. 

The ratio of the maximum vertical electric inten- 
sity to the maximum horizontal electric intensity 
could be determined with a fair degree of accuracy 
from the simultaneous measurements at Whippany 
with the vertical loops and with the probes; in table 
IV are summarized values for this ratio from one set 
of such tests. The pair of films from which the data 
in this table were derived showed 57 records in which 
both components of electric intensity were clearly 
indicated. Table IV gives the number of records, 
out of the total of 57, that showed ratios between 
100 and 150, 150 and 200, etc. The range for this 
ratio was from 118 to 410, the average ratio being 
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231. This average value probably is representative 
of the ratio that obtains generally at this location, 
although, because of the widely differing wave 
shapes of individual disturbances, this ratio neces- 
sarily is different for different disturbances. 
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987 Kv Boulder Dam 


Disconnecting Switches 


The severity of desert climatic conditions, 
the necessity for absolute dependability 
and for minimum maintenance, and the 
high voltage to be handled, required de- 
partures from established practice in the 
design of the enormous disconnecting 
switches for the 287.5 kv transmission lines 
from Boulder Dam to Los Angeles. This 
equipment and the considerations entering 
into its design are described here. 


By 

A. i BOWIE Bowie Switch Company, 
MEMBER A.1.E.E. San Francisco, Calif. 
Cc. P. GARMAN 


Bureau of Power and Light, 


MEMBER A.1.E.E. City of Los Angeles, Calif. 


D URING the engineering development 
of the transmission line from Boulder Dam to Los 
Angeles, it was realized that considerable attention 
should be given to the specification details for the 
electrical equipment. Characteristics of the switch- 
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ing station and terminal equipment had to be co- 
ordinated with those of the transmission line. Physi- 
cal strength and mechanical operation of the various 
parts involved had to be considered in connection 
with the climatic conditions encountered in the 
desert. 

A certain amount of research work was necessary 
in this connection to establish a basis for the specifica- 
tion. A large part of the data obtained from this 
work by the Bureau of Power and Light was accepted 
by the United States Bureau of Reclamation as a 
basis of the specification for the disconnecting 
switches at BoulderDam. The disconnecting switches 
for this project are of particular interest because of 
their importance, size, and space requirements. 

Many different disconnecting switches previously 
manufactured, and also several new designs pro- 
posed by various manufacturers, were considered. 
Each design was studied from the standpoint of cost, 
reliability, electrical characteristics and space re- 
quirements. Types deficient in some of these 
requirements were eliminated until 2 designs were 
left: the conventional vertical break and the hori- 
zontal rotating double break. 

During this investigation it became apparent that 
there was need for the development of an insulator 
stack that would have sufficient mechanical strength 
and proper electrical characteristics to meet the re- 
quirements. It further developed that more data 
were necessary on the subject of flashover values, 
as they affect spacing of vertical and horizontal 
break disconnecting switches. 


INSULATION—PHYSICAL PROPERTIES 


Several different combinations of insulator as- 
semblies were proposed, but all were lacking in some 
particular detail. A tripod arrangement was sugges- 
ted, consisting of 3 stacks of small units bolted 
together to form a pyramid. This combination 
afforded considerable strength in bending, but was 
considered deficient in torsional strength, and re- 
quired excessive space at the base as well as numerous 
special fittings for adaptations to the switch and its 
base. In addition, tripod stacks were considered 
very difficult to protect against cascading during 
flashover. Other arrangements of parallel stacks and 
suspension insulator strings were suggested, all of 
which offered similar difficulties. 

The largest pillar insulator available was a unit 
having a bolt circle of 7 inches and a height of 141/, 
inches. Eight of these units, when bolted together, 
offered a stack height of 116 inches. This height 
was sufficient to give the required electrical proper- 
ties, but the combination, although ample in tor- 
sional strength, did not offer a sufficient factor of 
safety in bending. A calculation of the operating, 
wind, and earthquake stresses indicated the need for 
an insulator column that would have a cantilever 
strength of at least 140,000 inch-pounds at the base. 
To obtain this combination, it was believed that a 
stack of 8 insulators having a 10 inch bolt circle 
would be required, and therefore the insulator 
manufacturers were requested to develop a unit 
having the required characteristics. A combination 
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was developed consisting of 5 141/, inch (high) pillar 
nsulators at the top of the column having a 7 inch 
oolt circle; one intermediate 14!/, inch pillar insula- 
tor having a 7 inch bolt circle at the top and a 10 
ch bolt circle at the bottom, and 2 14!/, inch 
neavy duty units at the bottom having 10 inch bolt 
‘ircles. This combination when assembled in the 
stack tested to an ultimate bending strength in 
excess of 140,000 inch-pounds, in torsion in excess of 
90,000 inch-pounds, in compression 75,000 pounds, 
and in tension 20,000 pounds. 

Sixty cycle wet and dry flashover and impulse 
tests were made on this stack at the laboratories of 
the Ohio Brass Company. Inasmuch as cascading 
is more apt to occur when flashover takes place with 
impulse waves having a short time lag as a result of 
excessive overvoltage, tests were made with a 1!/.x40 
microsecond wave with the voltage so adjusted that 
Hashover would take place in 3 microseconds. 

The first tests were made on a stack equipped with 
no arcing or shielding devices whatever. The arc 
cascaded the stack in all cases, principally over the 
lower units, as shown in figure 1. Following this, 
rings of various diameters were attached to: the top 
and bottom of the stack in order to determine the 
size and position required to prevent cascading with- 
out appreciably reducing the impulse flashover value 
of the stack. Tests were not made with rings having 
a diameter greater than 5 feet. It was believed that 
a limit of 4 feet should be placed upon the diameter 
of the arcing rings in order to conserve space in the 
final assembly of the disconnecting switch. Tests 
using rings 4 feet in diameter located level with the 
top and bottom skirts of the respective top and bot- 
tom units of the stack assembly showed all flashovers 
clearing the units. Electrical characteristics almost 
as efficient as those obtained with this combination 
were obtained on the stack without the rings. (Fig- 
ure 2.) 


60 CycLE REQUIREMENTS 


It was necessary to know the relative spacing and 
flashover values of the 2 most favorable types of 
disconnecting switches selected; namely, the con- 
ventional vertical break and horizontal rotating 
double break. To insure protection to life and prop- 
erty on the open side of the disconnecting switch, 
it was decided that the flashover voltage across the 
open switch should be at least 10 per cent greater 
than the flashover voltage of the supporting insula- 
tor stacks. To give ample protection, this distance 
between energized parts or grading rings was tenta- 
tively set at 11 feet. The performance of single 
air gaps is relatively well known for various weather 
conditions. There was some doubt, however, as to 
the action of the double break switch when the 
center stack was contaminated and wet with fog 
or mist, as can occur when least expected. 

To determine these things more definitely before 
a final specification could be released, it was necessary 
to conduct certain tests. As the Ryan high voltage 
laboratory at Stanford University offered the highest 
80 cycle voltage obtainable on the Pacific Coast, 
it was there, with the co-operation of Dr. Carroll of 
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Stanford, that the 60 cycle tests were made. The 
adequacy of the 11 foot separation between the line 
and grounded stacks of the vertical break disconnect- 
ing switch was first determined. An insulator assem- 
bly of 8 units equipped with 4 foot arcing rings at 
top and bottom having a separation of 109 inches was 
first tested and the 60 cycle flashover voltage of the 


Fig. 2. Flashover of combi- 


Fig. 1. Flashover of combi- 


nation insulator stack without nation insulator stack with 


arcing rings 


1x40 microsecond wave used, 
with flashover taking place in 3 
microseconds; cascading occurred 


4 foot arcing rings 


1x40 microsecond wave used, 
with flashover occurring in 3 
microseconds; all flashovers cleared 


over the bottom units the units 


stack was determined. Two of these insulator stacks 
equipped with arcing rings then were set on an 
appropriate base, separated approximately 14 feet, 
one stack serving as the line side of the disconnecting 
switch and the other as the grounded side. Sufficient 
additional insulator units were added to the stack 
on the line side to prevent flashover at 10 per cent 
overvoltage. The voltage then was increased by 
10 per cent above that which flashed the 8-unit stack, 
as was considered requisite, and the separation be- 
tween rings on the line side and the grounded side 
of the switch was decreased until the 110 per cent 
voltage was just held by the interposed gap. As the 
distance necessary was found to be 10 feet, the 11 
teet tentatively established for this separation had a 
slight factor of safety. 

Each pole of the horizontal double break switch 
under consideration consisted of 2 stationary stacks, 
one at each end of the base, connected by a blade 
carried on a center rotating stack. To determine 
the effect of flashover when the center rotating 
stack was contaminated, a 1!/, megohm shunt 
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resistance was placed across the center stack to 

ground. 
The separation between the arcing ring of the line 

stack and arcing ring of the center stack was in- 


Flashover with 2 insulator stacks 


Fig. 3. 


One ring energized and the other ring grounded; stacks 

placed sufficient distance apart to insure flashover to ground; 

1x40 microsecond impulse wave used, with flashover in 3 
microseconds 


creased until the 110 per cent of the voltage required 
to flash the line stack would just flash to the center 
stack. This distance was 9 feet 9 inches, or 3 inches 
less than that required for the single vertical break 
switch. This voltage generally was sufficient also 
to flash the center stack and, when the spacing to 
the third or grounded stack was less than 8 feet, this 
second gap would flash to ground. If a switch were 
built with the factor of safety required on a 60 cycle 
basis and with arcing rings of 4 foot diameter on all 
insulator posts, the necessary center-to-center dis- 
tance of a single pole unit between outside posts 
would be approximately 28 feet. 

Similar tests were made with the center post dry 
and clean and without leakage, a condition which 
should have less disturbing effect on the voltage 
distribution between the 2 gaps. The spacing be- 
tween the 2 arcing rings to withstand the 110 per 
cent voltage was found to be 7 feet 6 inches, thus 
the necessary separation between centers of the 
outside posts of a horizontal double break switch 
under ideal conditions would have to be 7 feet 
6 inches, plus 7 feet 6 inches for the 2 gaps, plus the 
8 feet for the arcing rings, or a total of 23 feet. 

The transmission line was insulated for a clearance 
to ground of 7 feet under wind conditions, against 
normal switching surge voltages. Since it was re- 
quired that the disconnecting switches, when open, 
should insulate against 110 per cent normal switching 
surge voltages, the separation between the adjacent 
insulator stacks for one pole of a double break switch 
would still have to be practically the same as already 
determined, or 23 feet. Each gap would need to be 
slightly more than 7 feet. 

The spacing between phases tentatively had been 
established at 22 feet because of the limited space at 
the Boulder switch yard. The minimum arm length 
for a double break switch would be the 2 gap lengths, 
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plus the diameter of one ring, or 19 feet. Arms of 
these dimensions could not be rotated without 
practically touching at the 90 degree position. A 
45 degree to 60 degree position would have to 
establish the opening position of the switches. Tests 
were made on 2 poles of the switch with the blades 
set at approximately the 60 degree position and with 
18 feet between arcing rings of adjacent phases (22 
feet center-to-center of phases), and with each gap 
in each pole unit of the switch set at 7 feet 6 inches. 
The 60-cycle 3-phase voltage was applied to the line 
terminals and for this condition flashover would 
always occur to the center posts rather than be- 
tween adjacent phases, thus establishing the ade- 
quacy of the 22 foot phase-to-phase operation. 

The result of the 60 cycle tests clearly indicated 
that considerably more floor space was required for 
the horizontal double break than for the single 
vertical break disconnecting switch. It also indicated 
that the vertical break switch from an electrical 
standpoint afforded a higher factor of safety under 
all climatic conditions. 


IMPULSE REQUIREMENTS 


The same conditions were set up at the Ohio Brass 
Company’s laboratory to determine the impulse 
characteristics of the 2 types of disconnecting 
switches. All flashover tests were made with the 
impulse generator adjusted for 1!/.x40 microsecond 
waves, breakdowns being made to occur within 3 
microseconds. In order to check the minimum 
horizontal dimensions of 10 feet for the vertical 
break switch found to be necessary by the 60 cycle 
tests, 2 stacks equipped with 4 foot rings were tested 
under impulse conditions at varying separations until 


Fig. 4. Flashover with 2 insulator stacks 


Conditions same as in figure 3 except insulator stacks moved 

together until flashovers occurred equally well between 

rings and across the energized stacks; 1x40 microsecond 
impulse wave used, with flashover in 3 microseconds 


flashovers occurred half horizontally between stacks 
and half vertically down the energized stack. The top 
ring of the other stack was grounded in all cases. 
It was found that a horizontal spacing of 109 inches | 
between the nearest edges of the rings caused this 
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equal division of flashover paths. Figures 3 and 4 
illustrate these conditions. As this spacing is ap- 
preciably Jess than the minimum spacing of 10 feet 
established by the 60 cycle flashover condition, in 
this case the 60 cycle condition is the controlling 
factor. 

To determine the possible effect upon flashover 
voltage of 2 stacks being closely mounted, as is 
necessary at the hinge-end of the conventional 
vertical break disconnecting switch, a special double 
stack test was made. In these tests oblong rings 
were used with parallel sides and radii of 2 feet at 
their ends in order to agree with the conditions 
associated with the use of rings of 4 foot diameter on 
the single stack test. The upper oblong rings were 
mounted in the same position as the rings on the 
single stack. Spacings ranging from 2 to 3 feet 
between the center lines of the parallel stacks were 
tried, and in all cases flashovers occurred between 
rings without cascading, and no measurable reduc- 
tion in flashover voltage was noted from that ob- 
tained with the single stack. 

To check the minimum dimensions for impulse 
flashover of the horizontal double break switch, 3 
pillar stacks were mounted on the test rack, all 
equipped with 4 foot rings. The horizontal sepa- 
ration between rings was first set at 6 feet. With 
approximately 20 impulse waves applied to the line 
stack, flashover was found to occur in ail cases 
through a vertical path to ground over the energized 
stack. The stacks then were moved together so as 
to give a separation of 4 feet 10 inches between 
rings. Again impulse waves were applied and all 
discharges occurred to ground over the line stack. 
From these tests it was obvious that the 7 foot mini- 
mum spacing as dictated by the 60 cycle flashover 
tests was ample to take care of the conditions to be 
guarded against from impulse waves; namely, a dis- 
charge over an open switch. 

Realizing the leakage over the center stack caused 
by contaminated conditions of the insulation would 
have little effect on its flashover value for short-time- 
lag impulse waves the same tests were repeated, 
using 1x100 microsecond waves, with voltage just 
sufficient to produce flashover. A 6 foot spacing 
between rings of the line and center stack would bal- 
ance the flashovers between line and center stack 
and from line to ground. To obtain the 10 per cent 
safety factor required would have necessitated 
approximately 6 feet 6 inches, approaching the 
requirement of the 60 cycle test. 


SPECIFICATIONS ESTABLISHED 


The impulse tests served as a check, but in every 
condition the 60 cycle flashover conditions governed 
the horizontal spacing between terminals and be- 
tween phases. As a result of these tests, the horizon- 
tal double break type was eliminated and the proper 
spacings were established for the single vertical 
break type of disconnecting switches ultimately 
specified for the transmission line switching facilities 
and the Boulder power plant switch yard serving the 


line. 
To reduce maintenance and improve reliability, 
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ball and roller bearings were specified throughout the 
switch. Because of the high temperatures that occur 
and the wear caused by the blowing sand of the 
desert, it was required that the bearings be designed 
to retain the grease and prevent the entrance of dust 
or sand. 

High pressure contacts were specified, but it was 
required that the pressure be released before any 
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Fig. 5. A 3-pole 287-kv disconnecting switch set 
up for factory tests 


movement of the blade should occur. Full contact 
and current carrying capacity was required for a 
motor mechanism travel tolerance of 15 per cent, 
7*/. per cent overtravel and 71/, per cent under- 
travel. It was specified further that parts subject 
to line potential be designed to obviate visible corona 
discharge in complete darkness when energized at 
200 kv to ground with the switch in either the open 
or closed position. 

All the switching equipment in the switching sta- 
tions on the transmission line, and the terminal] facili- 
ties, will be operated by carrier current supervisory 
contro]. Because the time of operating each piece of 
equipment is cumulative, it was necessary that the 
disconnecting switches operate from full open posi- 
tion to full closed position in not to exceed 10 seconds. 

All the disconnecting switches now have been built, 
tested, and installed. The disconnecting switches 
purchased for the switching stations were designed 
and built by the Delta Star Electric Company while 
those for the switchyard at Boulder Canyon power 
plant were designed and built by the Bowie Switch 
Company. Each type of switch has been tested, in 
accordance with the specifications, and the test 
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Fig. 6. A 287-kv selector switch 


results as well as the finished product are very grati- 
fying. 


BOULDER DAM SWITCHES 


The only 287 kv disconnecting switch installation 
at Boulder Dam comprises 12 3-pole gang-operated 
switches. (Figure 5.) 

The original requirements were for all switches to 
be of practically similar construction, the base for 
each individual pole to be mounted on 2 supports. 
Some of the switches have gang operated grounding 
switches. All the main and grounding switches were 
to be operated by individual motor mechanisms. 
It was possible to effect a material saving in space, 
as well as in cost, by making some of the switches of 
the selector type, each single pole base consisting of 
5 insulator pedestals, with the central pedestal 
supporting the clips with which the blades on each 
side contact. (Figure 6.) Consequently, it was de- 
cided to use 2 selector switches, each comprising 2 
3 pole independently operated gang switches. 

As the blades of the switch were about 13 feet in 
length, it was important to minimize both their 
weight and wind resistance. To insure the proper 
contact operation, the blade position with reference 
to the clip when the switch is closed should not vary 
more than */; inch from the desired position. With 


586 


the multiplicity of moving parts, it was essential to 
provide a structure with exceptional rigidity and 
lightness of blade, and to eliminate practically all 
lost motion. For this reason, all bearings were of 
the precision ball or roller type, provided with 
weather seals and ‘‘alemite’’ lubrication. This con- 
struction resulted in smooth operation entirely with- 
out shock, although the speed of operation was 30 
per cent faster than specified. 

There was a time in the past, when the voltages 
to be switched were lower, when practically any type 
of contact and operating mechanism was considered 
to be sufficient. With higher voltages and larger 
power installations, there came a demand for high 
grade construction involving accurate engineering 
design. High voltage switches now require a care- 
fully considered structure, with a precision in the 
manufacture of many parts quite comparable with 
that obtaining in high grade automotive work. The 
failure of any one part of the switch might involve 
an untold amount of trouble and damage, and it 
was particularly essential in the Boulder Dam proj- 
ect to employ a thoroughly deptndable construction 
immune from failure. 

It is true that the switch operation may be quite 
infrequent, but satisfactory operation under this con- 
dition often is more difficult of attainment than where 
frequent operation is required. The requirements 
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for assured operation and perfect performance of 
outdoor equipment exposed continuously to the 

elements, but receiving little or no attention, seldom 
are given sufficient consideration. 


_CORONA 


To prevent radio interference in the Boulder Dam 
area, where radio reception means so much, no visible 
corona was allowed when as much as 200 kv was 
applied between the switch parts and the ground. 
A great deal of special design was necessitated to 
meet these requirements. The high voltage tests 
of the assembled switch were made at Stanford 
University and did not show visible corona until 
the voltage from line to ground was raised to 240 kv, 
or 20 per cent above the specified voltage. 

_Each insulator stack was equipped with 2 inch 
pipe rings, one at the top and the other at the bot- 
tom. On the hinge insulator, which was adjacent 
to the rotating insulator, single oblong rings were 
furnished surrounding the 2 insulators at the top 
and bottom, whereas, with the clip insulator, rings 
for both ends of the insulator were circular. On the 
hinge-end of the switch an additional upper ring was 
provided, oblong in shape and having a single gap, 
with balls on the ends, to provide space for the pas- 
sage of the blade. This ring protected all the upper 
parts of the hinge and rotating insulator construc- 
tion. On the clip-end, additional small horizontal 
rings were used merging into 2 vertical legs to protect 
the tongue-type clip when the blade was open, the 
vertical part serving as a guide for centering the 
blade. 

The blade-end, consisting of 2 parallel busses which 
contact the clip tongue, is provided with a spheroidal 
corona shield of high strength aluminum alloy made 
in 2 sections, the bottom section being provided with 
swinging doors normally closed when the blade and 
clip are disengaged, but which allow the entrance 
of the clip tongue. This very effectively prevents 
corona and also acts as a sleet and dirt shield. A 
great multiplicity of tests were required to meet the 
corona specifications, in view of the different ground- 
ing clips, single and double switches, varying direc- 
tions of the incoming conductors, etc. 


INSULATOR PEDESTALS 


Both mechanical and electrical considerations re- 
quired the development of new insulators. One novel 
feature of the insulator units was a porcelain ring 
projection, integral with the top shell and concentric 
with the cap, that permitted a stack voltage con- 
siderably higher than allowable with conventional 
designs. 

Especially for the rotating insulator where the 
top and bottom shafts had to align, the mechanical 
accuracy of alignment in the cementing of the in- 
sulators was of particular importance to secure a 
stack which would be true to form. The results were 
most gratifying, as the first pedestal set up aligned 
without adjustment of any kind within 1/3) inch. 

In practically every outdoor installation, con- 
sideration should be given to the climatic conditions 
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under which the equipment must operate. As the 
temperatures at Boulder Dam in the summer are 
very high, it was essential to provide equipment 
conservatively rated, and that would not be damaged 
by the ambient heat, plus the necessary rise of 
temperature of the current carrying parts. 


EARTHQUAKE STRESSES 


Until recently, no consideration had been given to 
the possible stresses occasioned in electrical switches 
by earthquakes. It is manifestly advisable in many 
sections of the country to make adequate provision 
therefore in the strength calculations. Where equip- 
ment rests on ground that will yield and flow it is 
often impossible to have an adequate basis of figuring 
stresses. However, in the case of the Boulder Dam 
site, where the ground is solid, the stresses in any 
structure are due to direct earthquake vibration, 
which results in a horizontal component directly 
proportional] to the product of the weight times the 
acceleration due to earthquake. The proportion of 
the weight acting horizontally is measured by the 
ratio of the maximum acceleration divided by the 
acceleration of gravity. (See Appendix I.) The vibra- 
tion rate of earthquakes generally is low, perhaps of 
the order of one second, whereas the corresponding 
vibration periods of structures employed in switches 
is much higher. Such frequencies are so far apart 
that resonance usually is not a factor and the hori- 
zontal weight component generally will suffice. 


Diagram of switch 
showing stresses 


" Fig. 7. 
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Whereas a 10 per cent component is frequently used, 
the buildings for the San Francisco high pressure 
fire system allowed for a 20 per cent component, 
and the latter figure was assumed for switches for 
Boulder Dam. 

Wind stresses were specified for a velocity of 60 
miles per hour, with a pressure of 17 pounds per 
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square foot of projected area for flat surfaces and 
half of this for cylindrical surfaces. Under this 
assumption, a 60 mile wind allows a factor of safety 
of about 7 at the bottom of the insulator stack, 
while with a 20 per cent horizontal weight component 
the factor of safety is about the same. (See figure 7 
for stress diagram.) 


SwitTcH CONTACTS 


In the design of the contacts it was desirable to 
provide a construction that as far as possible would 
be immune from the necessity of servicing after 
installation. For this reason the contacts were con- 
structed of heavy wrought silver, made integral with 
the copper base contact bars. A large area of silver 
contact was provided to eliminate the mechanical 
and electrical difficulties liable to occur where line 
or point contacts of small area are employed. The 
contacts are engaged under only a light and adjust- 
able pressure, but after they have come into full 
engagement and relative motion has ceased, a pres- 
sure of approximately 500 pounds is applied, clamp- 
ing them rigidly in place. In opening the switch, 
the high pressure is relieved entirely before the 
contacts start to move. 

In the past, most switch contacts have been 
made of copper, particularly for outdoor switches. 
In a few instances silver contacts have been used. 
Both these metals, of course, will oxidize from ex- 
posure to the weather, resulting in an increase in 
contact resistance far greater for copper than for 
silver, for copper oxide is an insulator, whereas silver 
oxide is a conductor. Pure silver being somewhat 
softer than copper, it is not advisable to move the 
silver contacts under any material pressure if damage 
to the surfaces is to be prevented. A light wiping 
pressure is desirable for contacts to clean the surfaces, 
but heavy pressure should not be applied to either 
silver or copper while the contacts are moving. 
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Numerous tests have shown that the contact re- 
sistance for similar surfaces of clean conducting 
metals varies approximately inversely with the total 
applied pressure. Figure 8 shows the effect of pres- 
sure in diminishing the contact resistance between 
clean surfaces, and corresponding tests where the 
blade of wrought copper was oxidized by exposure to 
the weather for about a year. Figure 9 shows corre- 
sponding results to another scale, giving the rela- 
tion of pressure to the product of resistance times 
pressure. Further tests have shown that with a 
given pressure there is materially less resistance 
when the contact is of appreciable area than will | 
obtain with a Jine contact having the same total 
pressure applied. Since the resistance of any contact | 
will increase in time from oxidation, it is desirable 
to have high pressure applied to the contacts after 
engagement to avoid future servicing. The efficiency 
of these contacts is shown by the fact that they had 
a rise under full load test of 16 degrees centigrade 
although 30 degrees was permissible. The high pres- 
sure with silver contacts of large area has practically 
eliminated contact resistance, the rise of temperature 
under load being caused mainly by the heating of the 
blade conductors. 


BLADE CONSTRUCTION 


The relatively large size of the blades and of the 
general construction necessitated special care in 
mechanical design to eliminate distortion and to 


Fig. 10. Typical triangular switch blades 


keep down the wind and earthquake stresses as well. 
The approximate pedestal height is 10 feet and the 
blade length 13 feet, making a total height above 
the insulator base of about 23 feet when the switch 
is open. The switch blades, which are exceptionally 
light, are made in tripod form of 3 pieces of tubing 
rigidly joined, forming a very stiff, light structure 
particularly free from corona. The 3 cylindrical 
tubes act like a cage in distributing the electrostatic 
stress, avoiding Jocal concentration. (See figure 10.) 
Each blade is counterbalanced by a housed compres- 
sion spring, so accurately designed that the blade 


will remain in any position of the stroke with the 


connecting rod disengaged. 

As it is highly important to eliminate lost motion, 
it is essential to keep the blade constantly under 
positive control. In the closed position of the switch, 
the top crank of the operating insulator, which 
operates the blade through a connecting rod having 
universal joints at each end, is practically on dead 
center, thus bringing the blade to rest like an engine 
piston at the end ofits stroke. When the top crank is 
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near dead center there is no appreciable motion of the 
blade, and advantage is taken of this fact to have 
the high pressure applied to the contact through a 
roller carried by the top cap of the moving insulator. 
This roller sets the high pressure through a link 
motion which operates through a rod running be- 
tween the ends of the blade. It is particularly es- 
sential, where high speed of operation is required, to 
maintain the blade at all times positively in definite 
control, since, if the blade be freed f1om the operating 


Fig. 11. Base 
crank and base 
bearing for ro- 
tating insulator 
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mechanism, there will be probable slamming from 
the sudden stopping of the moving 13 foot blade. 

The framework, which is 42 inches deep, is very 
stiff although of light steel construction, and has the 
bending stresses at the bases of each insulator colunin 
carried down in cantilever through large steel tubes 
between the top and bottom fiames. Figure 11 
shows the base crank and base bearing for the rota- 
ting insulator. 

The ground switch blades consist of tapered tub- 
ing, each blade being provided with its own counter- 
balance. An independent rockshaft, the crank of 
which is on dead center when the switch is closed, is 
used for operating the ground blade, insuring a very 
definite blade position when the blade and clip are 
closed and preventing undue operating stresses in 
disengaging the blade from the clip. 


Moror OPERATORS 


The operating mechanism, which is mounted on 
one of the switch towers, will operate the switch in 
71/2. seconds, although a limit of 10 seconds was 
permitted. The operator is driven by a '/2-horse- 
power 220-volt motor connecting to the operating 
shaft through a transmission consisting of triple re- 
duction spur gearing. The operator is provided with 
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Fig. 12. Typical motor operator 


3 hinged steel doors and is exceptionally accessible. 
(See figure 12). Mounted in the box are relays that 
insure continued operation once the switch starts to 
move. Different types of interlocks as specified are 
provided for interlocking the mechanism in various 
ways. The brake is set mechanically by cams opera- 
ting a few degrees from the dead center of the top 
crank, at which time the mechanism is doing no 
appreciable work in operating the blade. 

An important aim in the design of this equipment 
has been not only to provide easy and simple means 
of servicing where necessary, but also to eliminate 
as far as possible any necessity for servicing where 
inevitable physical conditions render it inconvenient. 


Appendix | 


The matter of protection against earthquake stresses has been 
called into prominent consideration by damage in structures in- 
curred recently in some parts of the country, and by the definite 
knowledge that in these districts ordinary precaution demands pro- 
visions to meet such contingencies. In most cases where the damage 
from earthquake does not occur directly over a fault, the resultant 
damage is occasioned by the secondary motion of the earth. Where 
the ground is solid such stresses are a minimum, but where there is an 
alluvial soil the stresses are greatly intensified by the further move- 
ment and settling of the loose ground. The worst conditions occur 
with a soft fill on a sloping foundation where the ground will both 
flow and settle. The earthquake in San Francisco in 1906 was of 
such exceptional severity that the results thereof have a bearing on 
the probable stresses in structures; they furnished an important basis 
for the design of an independent high pressure fire system subse- 
quently built in San Francisco. 

The data obtained in San Francisco may be applied equally well to 
other structures, such as those used in high voltage switch work. In 
many places it is common to assume a maximum earthquake stress 
of 10 per cent of the weight; namely, a 10 per cent horizontal com- 
ponent. This would correspond to the maximum acceleration of 3.2 
feet per second per second. The general stresses set up in a structure 
on solid ground consist of such a component which may be increased 
by vibration due to resonance. 
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Tests on 
Oil Impregnated Paper 


About 2 years ago a series of researches 
was started to study the causes of dielectric 
loss, chemical deterioration, and electrical 
failure of oil impregnated paper insulation. 
Miniature technique has been developed 
so that at moderate cost specimens can be 
assembled in glass under accurately con- 
trolled conditions, subjected to high volt- 
age life tests, tested periodically for elec- 
trical properties and finally examined mi- 
nutely for changes in electrical, physical, 
and chemical properties. The results ob- 
tained in the first part of this program are 
presented herewith. Hypotheses now held 
regarding the effects of variations in several 
different factors on the life of oil impreg- 
nated paper insulation are discussed, and a 
description of the techniques developed 
for preparing and testing specimens is 
given. Illustrative examples are given of 
the results obtained to date from the cor- 
relation of life tests with microscopic physi- 
cal and chemical examination. 


By 
HUBERT H. RACE General Electric Co., 
MEMBER A.1I.E.E. Schenectady, N. Y. 


2 hee COMBINATION of specially 
treated mineral oil and wood pulp paper from which 
water, oxygen, and other contaminants very care- 
fully have been removed makes the best flexible high 
voltage insulation yet discovered. The major ap- 
plication of such insulation is in high voltage under- 
ground power cables, although the same components 
are used in other apparatus, such as high voltage 
capacitors. An understanding of the causes of the 


A paper recommended for publication by the A.I.E.E. committee on power 
transmission and distribution, and scheduled for discussion at the A.I.E.E, 
summer convention, Pasadena, Calif., June 22-26, 1936. Manuscript submitted 
March 5, 1936; released for publication Apr. 10, 1936. 


The information reported in this paper is obviously the results of the co-operative 
efforts of many individuals. In particular, the writer wishes to express apprecia- 
tion to those who have been responsible for important phases of the work, namely: 
S. I. Reynolds—preparation of specimens, preliminary and post mortem elec- 
trical measurements; H. M. Bousman and C. Zubal—life tests; J. L. Oncley 
and A. F. Winslow—dissection of specimens, and acid and hydrophil measure- 
ments; R. W. Dornte and C. V. Ferguson—molecular weight and unsaturation 
measurements; Mrs. A. P. O’Hara—spectrographie determinations; and F. A 
Benford—photometric evaluation of spectrograms, : , 
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excellence as well as the failure of such a combination | 
of materials is a major factor in making improve-. 
ments and requires many types of investigation. © 
One type of investigation involves building full sized . 
apparatus and testing it to destruction. Such tests | 


are very expensive and, therefore, are applied usually 
to proving the quality of designs for which experi- 
ence indicates that the probability of successful 
operation will be very high. , 
At the other end of the scale of types of investiga- 
tion are researches in which miniature specimens 
made in the laboratory under the most carefully con- 


trolled conditions are subjected to much more severe — 
tests than ever will be expected of apparatus in serv- | 


ice. Such experiments are much less expensive 
than the large scale tests; thus, the number of com- 
binations of materials and conditions that can be in- 
vestigated economically is correspondingly much 
greater. 

In this paper are described methods that have been 
developed for making small laboratory oil-impreg- 
nated paper test specimens, subjecting them to high 
voltage life tests, observing by electrical measure- 
ments any progressive changes during life, and finally 
examining the specimens minutely for physical and 
chemical changes which might be indicative of the 
causes of failure. 

Short-time dielectric-strength tests are the quick- 


est and easiest quality tests that can be applied to 


electrical insulation. However, such tests are of 
doubtful value in predicting service life on systems 
having differing physical conditions. For example, 
the so-called ‘‘solid’’ and “‘oil filled’”’ types of cables 
of the same insulation thickness will have about the 
same short time dielectric strength when new. How- 
ever, in actual service the ‘‘oil filled’’ cable will 
operate at double the electric stress that can be 
tolerated in the “‘solid”’ type. 

Another test that often is used to evaluate insula- 
tion quality is to measure a-c dielectric loss (usually 
interpreted by the engineer in terms of power factor 
or tangent of the loss angle). This again is no meas- 
ure of probable life unless all other conditions are 
identical. 

Without citing further examples, it generally is ad- 
mitted that no quick measure of insulation quality 
has yet been developed that is a sure indication of 
service life. For most insulation systems, service 
experience on similar systems is the major guide to 
the probable life of a new design. However, accel- 
erated life tests on short lengths of commercial 
cables have been found to correlate fairly well with 
service. This paper suggests that accelerated life 
tests on miniature oil impregnated paper specimens 
can be used as an additional tool to compare the be- 
havior of different systems and to study causes of 
failure. 


THEORIES AND HYPOTHESES 


Some of the statements listed hereinafter are 
founded upon considerable experimental evidence 
and therefore may deserve to be called theories. 
Others have very meager experimental proof and 
have been advanced as explanations of a few obser- 
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Fig. 1. Impreg- 
nated paper test 
specimen for elec- 
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vations. Many of these conditions are conflicting 
or coexistent so that the conditions under which each 
factor has a dominant influence on life must be de- 
termined. An attempt has been made to list the 
factors that may be of major importance in deter- 
mining the quality and behavior of impregnated 
paper insulation. It is hoped that experiments may 
be devised to isolate single experimental variables 
and determine their relative importance, and thus 
either to confirm or disprove present conceptions, 
thereby laying the groundwork for new designs and 
better service. In reviewing these theories and hy- 
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Fig. 2. Gas saturated cell (Type A) 
for electrical life test on impregnated 
paper specimens 


Fig. 3. Gas free cell (Type B) for 
electrical life test on impregnated 
paper specimens 


potheses the reader should consider that each state- 
ment is preceded by the thought “‘other conditions 
being the same... .”’ 

1. Electrical failure (breakdown) of impregnated 
paper insulation is preceded by gaseous ionization so 
that: 


(a). Ina gas saturated system the dielectric strength should increase 
with the gas pressure. 


(b). In a nominally gas-free liquid-filled system the dielectric 
strength should increase with the hydraulic pressure and with the 
degree of degasification. 


(c). In a nominally gas free system the presence of hydrophilic 
materials in the impregnating liquid should aid the wetting of the 
solid by the liquid components, thereby increasing the dielectric 
strength of the composite insulation because of the decreased tend- 
ency toward ionization in gas spaces at the liquid-solid interfaces. 


(d). Ina nominally gas free system the dielectric strength of the 
liquid component is usually lower than that of the solid component; 
therefore, the dielectric strength of the composite insulation is 
higher the nearer the ratio of the dielectric constants of the liquid 
to the solid component approaches the inverse ratio of their dielec- 
tric strengths. 


2. Gas evolution and electrical breakdown are 
caused by the generation of heat in localized regions so 
that: 


(a). The dielectric strength should increase if the temperature be 
decreased, or if the average dielectric loss be decreased. 


(b). Dielectric loss can be decreased by eliminating ionic contami- 
nants if the source be ionic conduction or by eliminating polar con- 
stituents or changing the frequency-viscosity ratio away from reso- 
nance conditions if the source be molecular orientation. 


3. The life of composite insulation depends upon 
ats chemical and physical stability so that: 


(a). The chemical constitution of the component materials and the 
methods used in processing them should be important factors in 
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Fig. 4. High pressure cell (Type C) 
for electrical life test on impregnated 
paper specimens 


All dimensions are in inches 


June 1936 


591 


their ultimate stability, because different organic materials os 
subjected to heat and electric stress decompose or polymerize a 


different rates. a age 
(b). If the presence of limited amounts of oxygen is inevitable 


practice, the use of oxidation inhibitors should be beneficial if they 
do not affect adversely any other property, such as conductivity or 
the ultimate chemical stability. 


TEst SPECIMENS 


Figure 1 shows the detailed construction of a test 
specimen. These specimens are made to accentuate 
conditions in a high voltage cable. Because of pos- 
sible catalytic or chemical action, the inner electrode 
is made of copper and the outer of lead. The copper 
rod is threaded to accentuate the effect of regions of 
high electrical stress at the outer edges of the threads 
and to provide oil channels at their base. The 
edges of the threads are carefully smoothed and freed 
from copper slivers by using emery cloth and high 
speed wire brushes. The lead foil outer electrode is 
rolled from standard cable sheath lead. 

The usual thickness of insulation in the test section 
is about 0.065 inch obtained, for example, by wrap- 
ping as tightly as possible 10 layers of 0.0065 inch 
paper. If paper of a different thickness is to be 
tested, the number of layers is changed to give the 
same total thickness. Clean rubber gloves are worn 
during assembly of a specimen. The ends under 
the guard rings are built up with additional layers of 
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Fig. 5. A typical daily temperature cycle for life 
test specimens 


paper so that the maximum stress is in the measur- 
ing section and so as to prevent creepage over the 
ends. 

The design of this specimen has been found to be 
very satisfactory. About 50 specimens have been 
examined to date and all failures occurred within the 
test section. 


CELL CONSTRUCTION 


In order to prepare and keep the specimens under 
carefully controlled conditions they are assembled 
in glass cells of one of 3 types depending upon the 
gas pressure to be maintained. 

Type A: Gas Saturated Cell (15 Pounds per Square 
Inch Pressure). The first type of glass cell is shown 
in figure 2 and is used to determine the effects of 
different gases at about 1 atmosphere pressure on the 
electrical properties of oil impregnated paper. A 
mercury manometer is sealed to one of the side arms 
at the top. Completely degasified oil is admitted 
under vacuum to cover the specimen. Then the de- 
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Fig. 6. Cells for measuring dielectric constant and 
power factor of one inch paper strips 


sired gas is admitted to the cell, which then is sealed 
off at atmospheric pressure. The manometer is used 
to indicate subsequent changes in gas pressure. 

Type B: Gas Free Cell (Less Than 0.1 Micron Pres- — 
sure). The type of cell shown in figure 3 simulates 
the ideal oil-filled gas-free cable. During evacua- 
tion and filling, the bellows is held open with small 
bolts. After evacuation and filling the glass tubes 
are sealed off, and then the bolts are removed so that 
thereafter the oil in the cell is maintained at atmos- 
pheric pressure. 

Type C: Gas Pressure Cell (200 Pounds per Square 
Inch). The third type of cell, shown in figure 4, 
was designed to test all kinds of insulating materials 
under gas pressures up to 200 pounds per square 
inch. Special high-voltage high-pressure glass bush- 
ings were made so that the specimens could be tested 
at the same voltage as in the other cells. 


DRYING AND IMPREGNATION 


The following procedure has been adopted as 
standard: The cell containing the unimpregnated 
specimen is evacuated for 24 hours to less than 0.1 
micron pressure. During this time the specimen is 
heated radiantly at about 100 degrees centigrade. 
After the drying period, degasified oil is admitted 
slowly under vacuum and kept at about 100 degrees 
centigrade. The rate of admission is such that the 
level rises about 2 inches per hour. After sufficient 
oil has been admitted, the cell is sealed off at 0.1 mi- 
cron pressure or any desired gas is readmitted. 


LIFE TESTS 


The life tests are designed to accelerate the effects. 
of high voltage with normal operating temperature 
and temperature cycles. Alternating potential at 
a frequency of 60 cycles is applied continuously to the 
test specimens; 22 and 30 kv potentials are avail- 
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able, corresponding to average gradients of 340 and 
460 volts per mil, respectively, in the standard speci- 
men. Maximum gradients at the edges of the 
threads on the copper rod must be considerably 
greater than these values. The specimens are 
mounted in large ovens having air circulating fans 
and automatic temperature cycle control. A typi- 
cal temperature cycle taken by a thermocouple in 
the oil of one of the specimens is shown in figure 5. 
Selector switches and connections to the test elec- 
trodes of all specimens are so arranged that periodic 
60 cycle capacitance and dielectric loss measurements 
can be made by means of a Schering bridge on all 
specimens without removing them from the ovens. 


EXAMINATION AFTER LIFE TEST 


Measurements of the following quantities (where 
possible) are made on each specimen immediately 
after opening the glass cell: 


1. Electrical properties of paper and oil. 
Electrical properties of oil extracted from paper. 
Acid number of oil. 

Hydrophil content of oil. 

Molecular weight of oil. 


Iodine unsaturation number of oil. 
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Copper and lead compounds dissolved in oil. 


These measurements were attempted because of the 
hypothesis that under certain conditions prolonged ex- 
posure to heating and cooling cycles under continued 
severe electrical stress may cause chemical and physical 
changes resulting in ever-increasing dielectric losses and 
eventual thermoelectric failure. 

If the electric stress be a factor in such changes, 
the effects should be most pronounced nearest the 
inner electrode where the stress is greatest. There- 
fore, all the foregoing properties were measured as 
functions of the radial distance from the inner (cop- 
per) to the outer (lead) electrode. This procedure 
is an extension of the work of K. S. Wyatt and 
others’? who have studed the variations in hydro- 
phil content of oil and power factor of oil impreg- 
nated paper as functions of radial position in cables. 

As soon as each cell is opened, the oil soaked paper 
is unrolled, untouched by hand, and is clamped in a 
frame; a 1 inch strip then is cut at the edge of the 
test section farthest from the puncture. This strip 
is used for test 1, one end having been next to the 
copper and the other end next to the lead. The re- 
mainder of the test section, exclusive of visibly 
burned portions, is divided into 3 parts: (1) the 2 
inner layers, (2) the middle layers, and (3) the 2 
outer layers. With a high speed centrifuge the free 
oil is thrown out of each of the 3 sections of paper 
and used for tests 2, 5, 6, and 7. The oil remaining 
in the paper after centrifuging is extracted with 
highly purified benzene and used for tests 3 and 4. 
All measurements are made as soon as possible after 
opening acell. Normally, tests 1, 2, and 7 are com- 
pleted and samples for the other tests are prepared 
on the same day the cell is opened. 

1. Electrical Properties of Paper Plus Oul. 


1. For all numbered references see list at end of paper. 


Using 
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a Schering bridge, the dielectric constant and dielec- 
tric loss of a 1 inch strip of oil saturated paper are 
measured at 60 degrees centigrade as functions of the 
radial distance from the inner to the outer electrode 
of the test specimen. The cell shown in figure 6 was 
developed for this work. The lower guard ring elec- 
trodes were made by sealing a one millimeter glass 
insulating ring between the inner 1.9-centimeter 
“fernico’’-disk measuring electrode and the outer 
guard ring. (‘‘Fernico” is an iron-nickel-cobalt 
alloy having the same coefficient of expansion as 
glass.) The whole surface then was ground flat and 
polished, giving a guard ring electrode of fixed di- 
mensions that can be cleaned very easily. The 
upper electrode is a disk of nickel 2.6 centimeters in 
diameter on the flat with edges rounded on a 1 milli- 
meter radius. A constant pressure of 450 grams per 
square centimeter is applied to all specimens by 
weights held by guides in a central vertical position. 
The thickness of paper at each test point is measured 
with micrometers after the electrical measurements 
are complete. 

2. Llectrical Properties of Oil Alone. The quan- 
tities of oil removed from each section of paper by 
centrifuging are of the order of 0.1 to 0.3 gram. No 
equipment was available for measuring the electrical 
properties of such small quantities of oil, so the cell 
shown in figure 7 was developed. As in the paper 
strip cell, an easily cleanable guard ring electrode was 
made conveniently by sealing the guard ring to the 
measuring disk with a ring of glass and then grinding 


Fig. 7. Cell for measuring electrical properties of 


View on right shews details of 
note glass insulating ring between 
measuring and guard electrodes 


0.1 gram of oil. 
electrode; 


and polishing the surface. The measuring electrode 
is about one centimeter in diameter and the glass 
insulation about 0.5 millimeter wide. 

The technique employed for making measurements 
is as follows: The upper electrode is adjusted to give 
a spacing between electrodes of about 0.1 millimeter. 
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Fig. 8. A typical hydrophil curve 


Uncorrected distance extrapolated = 11.1 centimeters 
Corrected distance (0.1 cubic centimeter benzene =1 cen- 
timeter) = 10.1 centimeters 


Corrected area = 141 square centimeters 
Weight of oil = 3.00 milligrams 
Corrected area per milligram of oil = 47.0 square centimeters 


The cell is heated in an oven at 60 degrees centigrade, 
and after coming to thermal equilibrium the air 
capacitance is measured. The oil to be measured is 
introduced from a small pipette to the funnel at the 
edge of the upper electrode from which it spreads be- 
tween the electrodes by capillarity, forcing all air out 
ahead of it. Electrical measurements then are made 
with a Schering bridge at 60 cycles and 250 volts. 
Using this technique it has been found possible to 
measure to about 1 per cent accuracy the dielectric 
constant and power factor of 0.1 gram of oil. 

3. Acid Number. An attempt has been made to 
modify the usual method for determining the acidity 
of oil using phenolphthalein solution as an indicator 
so as to make a determination on one drop of oil. 
The procedure adopted is as follows: The oil sample 
of 0.03-0.05 gram is weighed into a small flask made 
from a test tube of approximately 9 cubic centimeter 
capacity; 6 cubic centimeters of alcohol-benzol mix- 
ture is added and the solution is boiled gently on a 
steam bath for 5 minutes. The flask then is placed 
in a wire clip holder and is stirred with air free from 
carbon dioxide which is introduced from a fine capil- 
lary tube. A burette then is introduced and placed 
so that the end of the burette tip extends about half 
way to the bottom of the flask. The stirring capil- 
lary is moved constantly for thorough stirring, and 
the titrating solution, a 4/,. normal solution (one 
liter of a normal solution contains one gram atom of 
replaceable hydrogen or its equivalent) of potassium 
hydroxide (NV/10 KOH), is run in to the phenol- 
phthalein end point. A white background aids in 
seeing this end point. 

The operator’s judgment of the end point is some- 
what subjective and quite dependent upon variation 
in light conditions. Using the “‘micro”’ technique, an 
acid number less than 0.1 cannot be distinguished 
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from neutral, and even values of 0.2 and 0.3 are sub- } 


ject to 50 per cent error. For low acid numbers the 


method is qualitative rather than quantitative. 


Ef- 


fort is being made to increase the sensitivity of this 
micro method for determining the acid content of | 


0.1 gram of oil. 

4. Hydrophil Content of Oil. The hydrophil 
content or proportion of polar constituents of insu- 
lating oils as measured by Langmuir’s spreading 
methods on the surface of water have been corre- 
lated with electrical properties by several authors.*4 
Unoxidized highly-refined mineral oil contains no 


polar constituents and therefore is not hydrophilic. | 


However, hydrophilic compounds are formed by | 


oxidizing mineral oil. Therefore, hydrophil meas- 
urements detect either oxidation products or polar con- 
taminants that have been dissolved by the oil from the 
materials with which it has come in contact. 

A simplified torsion head hydrophil balance? is 
used for all measurements. Variations in time, tem- 
perature, rate of application of pressure, and acidity 
or alkalinity of the water surface are known to cause 
considerable changes in pressure-area diagrams for 
films containing mixtures of unknown complicated 
polar molecules that exist in contaminated mineral 
oil. Therefore, in order that the results for all sam- 
ples should be comparable, the following technique 
is followed very closely: The tray and float are 
heavily paraffined. A pipette having an accuracy of 


yk pd 


about 2 per cent is used to drop onto the water sur- © 


face 0.1 cubic centimeter of a solution having a con- 
centration of 0.03 gram of oil per cubic centimeter 
of carefully redistilled benzene. Most consistent re- 
sults can be obtained using acid water; therefore, a 


1/19, normal solution of hydrochloric acid (N/100 


HCl) was used as a spreading liquid. The sensi- 
tivity of the balance is such that one degree of the 
torsion head corresponds to a force of 3.89 dynes on 
the float, or a surface pressure of 0.2994 dyne centi- 
meter. After 0.1 cubic centimeter of solution has 
been dropped on a clean water surface and the ben- 


Fig. 9. Arrangement of electrodes 
for arc spectrograph 
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zene allowed to evaporate, a barrier is moved up and 
pressure-area readings made from 0 to 20 degrees 
angular deflection of the torsion head. The pressure- 
area curve then is plotted and the best straight line 
drawn through the points between 1 and 4 dyne 
centimeters. The intercept of this line with the 
zero force axis is taken as the spreading area, a cor- 
rection for the benzene blank is subtracted, and the 
hydrophil number is calculated as square centimeters 
of spreading area per milligram of oil. Because of the 
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complicated nature of the polar compounds present 
in different samples, various types of curves have 
been found, some of which were straight to forces 
higher than 4 dyne centimeters, and some of which 
departed considerably from linearity below 2 dyne 
centimeters. In all cases the best line possible is 
drawn through the linear range. A typical curve 
is shown in figure 8. 

5. Molecular Weight of Oil. Another hypothesis 
of this series of experiments is that polymerization of 
the oil may occur under the influence of high electric 
stress. If an appreciable amount of such polymeri- 
zation occurs, it should be detectable as an increase 
in the molecular weight and in the viscosity of the 
oil, and in advanced stages by the formation of visi- 
ble wax. Accurate viscosity measurements on 0.1 
gram samples of oil appeared impracticable, so it 
was decided to attempt direct molecular weight 
measurements by the Rast method, which depends 
upon the freezing point depression of camphor. The 
Rast method has been adopted for liquids by A. 
Soltys® and the procedure followed is described in 
ample detail by Pregel.’ 

The recrystallized camphor sample has a melting 
point of 176.7 degrees centigrade, and the molecular 
freezing point depression k is determined by observa- 
tions using para-nitrochlorobenzene and pure tetra- 
cosane (CyH5)). The equation 


_ 1,000 ks 
TA 


is used, where JV is the molecular weight of the solute; 
Sis the weight of solute used; L is the weight of cam- 
phor used; and A is the freezing point depression of 
the camphor. The constant k increases with de- 
creasing concentration of the solute, but at a con- 
centration corresponding to a solute to camphor 
weight ratio of 1 to 10, k had a value of 36.3. All 
determinations are made with this ratio of weights. 
The results on compounds containing no solids 
should be reproducible within 5 per cent. 

The samples are weighed on an assay balance 
which is sensitive to +0.01 milligram. The oil 
samples vary from 0.20 to 1.00 milligram, and for 
each oil sample 10 times its weight of camphor is 
taken. Two sealed ampoules for duplicate deter- 
minations are attached to the bulb of a tenth degree 
thermometer by thread and immersed in a motor- 
stirred glycerine bath. The samples are melted and 
mixed by rotating the thermometer between the 
palms of the hands. The melting point is taken as 
the temperature at which the last crystal of camphor 
disappears. A low power (x 20) microscope is used 
for observing the crystals. Care must be used to 
distinguish the paper fibers, which are usually pres- 
ent, from the needle-like camphor crystals. The 
presence of these paper fibers or other solid impuri- 
ties in the centrifuged oil probably causes the large 
differences occasionally observed between duplicate 
samples. 

6. Iodine Unsaturation Number of Oil. Another 
hypothesis of this series of experiments is that the 
life of a gas-free oil-impregnated paper specimen will 
be better the smaller the tendency of the oil to giwe off 
gas under high electrical stress. Of the gas given off 
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from an oil during bombardment, about 80 per cent 
is hydrogen. A further hypothesis is then that if 
the oil be partly unsaturated, hydrogen given off during 
bombardment may recombine with unsaturated oil mole- 
cules thus preventing its liberation as a free gas and re- 
ducing the tendency toward ionization in gas pockets. 


Cu—Copper, 2,894.4 angstrom 
units 

Pb—Lead, 2,873.3 angstrom 
units 

Bi—Bismuth, 2,898.0 angstrom 
units 


Fig. 10 (above). Typical 


spectrogram for copper 
and lead determination 


Fig. 11 (right). Photometric evaluation of standard solution 
Y of the spectrogram shown in figure 10 


For these reasons it was desired to measure the degree 
of unsaturation of the oils after removal from life 
test, and the method of Francis, as described by 
Mulliken and Wakeman,* was followed. The only 
changes are the use of a 10-20 milligram sample of 
oil, which is weighed out in a small capillary, and the 
use of microburettes for the solutions. The results 
obtained to date are not entirely satisfactory, but 
the method appears worthy of further development. 

7. Copper and Lead Compounds Dissolved in Oil. 
Another hypothesis under investigation is that if the 
o1l be acid to any degree whatever, so-called metal soaps 
gradually will be formed at the copper and lead elec- 
trodes during long life at elevated temperature. The 
presence of such metal compounds is known to in- 
crease the conductivity and power factor of oil alone, 
although their effect on the electrical properties of 
oil impregnated paper is not so ,well established. 
These metal compounds appear in such low concen- 
trations and the available quantities of oil centri- 
fuged from small sections of paper are so small that 
chemical methods for quantitative analysis were 
abandoned, although considerable effort was ex- 
pended to use them. The following arc spectro- 
scopic method then was developed. 

For each oil sample a lower carbon is drilled, 
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Fig. 12. Cali- 
bration of spec- 
trographic method 
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tapered, and the top edge cut at an angle of about 
30 degrees. The upper electrode is tapered to a 
sharp point and adjusted to make contact with the 
highest point of the lower electrode, the lowest point 
of the lower electrode edge being toward the spectro- 
scope slit (see figure 9). The lower carbons are 
charged first with 0.1 cubic centimeter of acid solu- 
tion of bismuth of known concentration (10~* gram 
of bismuth per cubic centimeter). The carbons then 
are placed in an aluminum holder on a hot plate and 
the temperature gradually is increased to about 180 
degrees centigrade, thus evaporating the water from 
the bismuth solution. Then 0.05 cubic centimeter 
of either an unknown oil or of an oil containing 
known quantities of copper and lead in solution is 
dropped from a pipette into each carbon crater and 
is allowed to stand at this temperature until the elec- 
trode appears dry and stops smoking. 

From each cable specimen there are 3 unknown 
oil samples: (1) from the 2 inner layers next to the 
copper, (2) from the middle layers, and (3) from the 
2 outer layers next to the lead. On each spectro- 
graphic plate in addition to the spectrograms of these 
3 unknowns, the spectrograms of 4 known standard 
solutions, each containing equal amounts of copper 
and lead, are taken (see table I). 

The use of an internal bismuth standard in each 
carbon and the taking of spectrograms of the 4 stand- 
ards with each set of unknowns was adopted in an 
attempt to eliminate the effects of variations in arc 
stability, arcing time, development procedure, and 
photographic plate sensitivity. A typical spectro- 
gram is shown in figure 10. 

Densitometer measurements of these spectro- 
grams then were made photometrically and a photo- 
graphic record was obtained. The record for stand- 
ard solution Y for the spectrogram of figure 10 is 
shown in figure 11. It was found that the intensities 
of the strongest lines for each of the 3 metals was 
too great to give good comparative results. There- 
fore, the next strongest lines have been used through- 
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Fig. 13. Proba- 
bility plots for 
copper _calibra- 
tion of figure 12 


Designations on 
curves indicate ratios 
of copper intensity 
to bismuth intensity 
as indicated on pho- 
tographic records of 
densitometer meas- 
urements, for the | 
various standard so- 
lutions 
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Fig. 14. Proba- 
bility plots for 
lead calibration of 
figure 12 


Designations on 
curves indicate ratios 
of lead intensity to 
bismuth intensity as 
indicated on photo- 
graphic records of 
densitometer meas- 
urements, for the 
various standard so- 
lutions 
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out to obtain a quantitative estimate of the concen- 
tration of these metals. The wave lengths of the 
lines used, in angstrom units, are: copper —2,824.4, 
lead —2,873.3, and bismuth —2,898.0. From the 
photometric curves the amplitude of these lines above 
the background is measured, after which the ratios 
of the copper and lead intensities to the bismuth in- 
tensity are calculated. The whole sequence of meas- 
urements then is calibrated by plotting these ratios 
for the known standards against the known concen- 
trations as shown in figure 12. Data from 25 plates 
are recorded in this graph. To obtain the mathe- 
matically most probable calibration values for this 
method, the ratios of each of the copper and lead 
standards to the internal bismuth standard from 25 
plates are shown in figures 13 and 14. The calibra- 
tion curves shown in figure 12 are drawn through 
these most probable points. 

Two general statements may be made regarding 
this attempt to use a spectrographic method for 
quantitatively determining small amounts of copper 
and lead in 0.05 gram of oil: 


1. The minimum detectable concentrations are 10~4 gram of copper 
and 1075 gram of lead per gram of oil. 


2. Quantitatively, the method gives only the order of magnitude 
of the concentration of these 2 metals in oil from 10-5 to 10-2 gram 
per gram of oil. 


LirE TESTS ON GAS SATURATED SPECIMENS 


To illustrate the information that may be ob- 
tained from tests such as are outlined hereinbefore, 
the data obtained from a series of experiments using 
type A cells is presented next. These specimens 
were dried and impregnated under vacuum and heat, 
and then either dry oxygen, nitrogen, or carbon di- 
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oxide gas at atmospheric pressure was readmitted. 

Table II gives a summary of the results of tests on 
gas-saturated specimens arranged in order of their 
length of life. The first column of power factor data 
gives results of the first measurements at 60 degrees 
centigrade on each specimen. The second and 
third columns give the minimum and maximum 
readings during life, and the fourth column gives the 
last measurement before failure. When specimen 
196 failed, it blew up, spilling mercury and oil in the 
oven and causing a fire; therefore, specimens 162, 
175, and 194, which indicated a gas pressure greater 
than 2 atmospheres, were removed before failure and 
opened. 

Table III gives the results of closed manometer 
measurements of the gas pressure above the oil for 
the 10 best gas-saturated specimens. The gradua- 


Table |!—Concentrations of Copper and Lead in Standard 


Solutions 
' Copper and ‘ 

Lead, Grams Copper 
Designation per Cubic Solution, and Lead, 

of Standard Centimeter Grams Grams 
Solution of Solution per Carbon per carbon 
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tions were difficult to read so that it is believed that 
the values for specimen 173 marked (?) were errors 
in reading and not actual pressure changes. These 
measurements were made so that any consumption 
of gas (particularly oxygen) by chemical combination 
with paper and oil would be observed. Any in- 


Table !1—Summary of Data 


crease in pressure during life caused by gas genera- 
tion from high stress decomposition of the oil also 
would be observed. Specimen 194, for example, in- 
creased in pressure slowly throughout its entire life; 
then on or before August 23 it generated gas very 
rapidly and was removed from test before actual 
failure so as to prevent it from bursting and possibly 
destroying other specimens. All other specimens in 
this list failed electrically before being removed from 
test. 

Table IV gives typical power factor measurements 
as a function of applied voltage. All routine power 
factor measurements are made at 6 kv, which corre- 
sponds to an average gradient of about 90 volts per 
mil. Specimens 156 and 157 contained carbon di- 
oxide and oxygen with new oil A, and 6.5 mil kraft 
paper D. Specimens 172 and 173 were like 156 and 
157 except that they were made with 0.5 mil kraft 
capacitor paper &. These were chosen because if 
any ionization were observed in the spaces between 
tapes of 6.5 mil cable paper, this ionization should 
have been much less in specimens made from thin 
capacitor paper. 

Figure 15 shows the life histories of these speci- 
mens in graphical form. The top line shows the 
periods for which the temperature has been either 
above or below the desired constant value of 60 de- 
grees centigrade. The temperature accidentally 
rose above this value twice, once in April to about 
90 degrees, and again in September to about 140 de- 
grees. These excess temperatures may have con- 
tributed to the failure of specimens 157, 164, 168, 
and 169, although, of course, this conclusion cannot 
be verified. In the second line, the black portions in- 
dicate the time that 22 kv was applied to the speci- 
mens, and the intervening spaces indicate the time 
that voltage was off for any appreciable period for 
repairs to the testing equipment. 


for Gas Saturated Specimens 
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Table Ill—Pressure Changes During Life of the 10 Best Gas Saturated Specimens Listed in Table Il 
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In the body of the graph, the power factor for each 
specimen has been plotted as a function of time, the 
total height of the space allotted to each specimen 
representing 10 per cent power factor. 

These specimens were tested at an electric stress 
many times greater than is used in cables, but the total 
thickness and, therefore, the total voltage was much 
less than is used in cable practice. The potential 
gradient is comparable to that used in capacitors, 
but the total thickness, and therefore the total volt- 
age, is much greater. Because of the greater tend- 
ency toward ionization, these results are not di- 
rectly comparable with standard oil-filled gas-free 
cable or capacitor practice, but should be indicative 
of changes that may occur in much longer time under 
service conditions where any appreciable amounts of 
gas may be present. 


EXAMINATION AFTER LIFE TESTS 


Three of the specimens listed in table II were ex- 
amined by the micro methods already outlined. 
The results are given in table V and particular com- 
ments in succeeding paragraphs. 

Cell 157A. Specimens 157 and 157A were made 
by different operators with supposedly the same in- 
gredients. Differences in their life history indicated 
the need for extreme personal care in assembly, 
evacuation, and impregnation, and led to the estab- 
lishment of the schedule outlined previously in this 
paper. Ionization throughout the insulation was 
the most probable cause of the short life of this speci- 
men, possibly resulting from incomplete evacuation. 
Test 1 shows maximum deterioration in the inner 
layers where the stress was highest, particularly in 
the second, third, and fourth layers. The fact that 
the first layer showed less deterioration than those 
just mentioned indicates that the major changes in 
the oil impregnated paper were caused by ionization 
rather than by chemical changes catalyzed by cop- 
per. However, tests 2, 3, and 4 all indicate that the 
oil alone had been affected more in both the inner 
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and outer layers than in the middle layers. Figure 
15 indicates that the average deterioration was 
gradual, and examination showed that it was not 
localized but was general throughout the specimen. 
Cell 160. By accident, this cell was sealed off with 
a gas pressure of only about 1/2, atmosphere. This 
accounts for its almost immediate failure on life test. | 
Even this short period on voltage caused large 
charred areas in the third and fourth layers and heavy 
stress markings in the copper. Test 1 shows high 
losses in the paper, especially in the middle layers. 
Test 2, however, shows little deterioration of the oil 
in the inner and outer layers. | 
Cell 161. This specimen was impregnated with a 
highly refined naphthenic base oil plus 0.1 per cent 
polar material F and then saturated with oxygen at 
atmospheric pressure. It had the longest life of any 
of the gas saturated specimens. Its power factor 
continued to decrease after the first few days of life 


Table I!V—Power Factor Measurements as a Function of 
Applied Voltage of Typical Gas Saturated Specimens 
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Power Factor at Various Voltages (in Ky) 
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(see figure 15). Tests 1 and 2 show that even after 
this long life the oil had considerably lower power 
factor than the impregnated paper. Oil from the 
layers nearest the copper had both highest power 
factor, highest acid number, and highest hydrophil 
number. Also, test 7 showed a small amount of 
‘copper but no Jead in solution in the oil. The paper 
was brittle and very heavily marked next to the 
copper. No guess can be made as to the possible 
life of this specimen if it had been left at 22kv. Ap- 
parently, 30 kv, which gives an average gradient of 
nearly 500 volts per mil, is too high for any specimen 
gas-saturated at atmospheric pressure to last any 
appreciable length of time. 


SUMMARY 


1. By the use of small-scale carefully-made laboratory specimens 
subjected to long-time accelerated life tests and subsequently ex- 
amined by micro electrical and chemical methods, it should be 
possible to determine the important factors leading to long life of oil 
impregnated paper insulation. 


2. Gas saturated specimens having longest life have contained 
definite small quantities of purposely introduced hydrophilic ma- 
terials or limited amounts of oxygen which by combining with oil 
‘produce polar compounds (cell 161, 170, 156, etc.). For these speci- 
mens, hypothesis 1(c) was apparently a predominant factor. 


38. Specimens containing too much conducting material had short 
life; for example, compare specimens 165, 164, and 163 having 
0.01, 0.1, and 1.0 per cent by weight of polar material G. Also com- 
pare specimens 169 and 158 having 0.1 and 1.0 per cent by weight of 
polar material H added to the oil. For these specimens, hypothesis 
2(b) was apparently a predominant factor. 


4. From.the last 2 stateinents it may be concluded also that an 
optimum amount of hydrophilic material may be used to give toler- 
able dielectric loss and maximum life. 


5. From table III it may be seen that only specimens 190 and 194 
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Fig. 15. Results of electrical life tests on gas saturated 
cells 
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Table V—Data From Examination of Gas Saturated Speci- 
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minimum detectable concentration. 


{For test 1, “portion” indicates layer of paper, numbering from copper electrode 
out toward lead electrode; for all other tests, portions 1, 2, and 3 designate oil 
samples extracted from inner 2 layers, center layers, and outer 2 layers, respec- 
tively. 


showed a steady increase in gas pressure during life. These cells 
contained a highly refined paraffin base oil manufactured for special 
lubricating rather than insulating use. Specimens 161, 162, and 
162A, containing a highly refined naphthenic base oil, did not show 
ait increase in gas pressure during life. For specimens 190 and 194, 
hypothesis 3(a@) was apparently a predominant factor. 


6. In general, it seems that from experiments such as are outlined 
in this paper, materials may be chosen intelligently to give simul- 
taneously the optimum balance of the desired properties, namely, 
low dielectric loss, stability, and long life in oil impregnated paper 
insulation. 
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Cable and Damper 
Vibration Studies 


A theoretical analysis of dampers and 
conductor vibration is presented in this 
paper and certain new methods of elimi- 
nating or reducing conductor vibration are 


discussed. 
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es interesting and important sub- 
ject of mechanical vibration of transmission line 
conductors lends itself readily to a mathematical 
discussion if certain assumptions be made. AI- 
though these assumptions are not exactly true, they 
are quite close to the physical case, and produce re- 
sults which should not be farin error. It is the pur- 
pose of this paper to present a fairly comprehensive 
analysis of several aspects of conductor vibration 
and of some of the methods which have been em- 
ployed or suggested to lessen it. 


IMPERFECT FLEXIBILITY 


In the discussion of transmission line vibrations 
it is customary to assume the cable tension to 
be of such great magnitude that it may be con- 
sidered constant, and that the effect of rigidity may 
be neglected. In such an analysis the motion of the 
cable is described by the familiar wave equation in 
one dimension for small deviations from the static 
catenary curve produced by oscillations. The same 
equation is employed in the study of stringed instru- 
ments. If rigidity be taken into account, however, 
the equation of motion is: 


o*u otu Ou 

eer ED act Fs.) (1) 

where 

u = lateral displacement of the cable from the catenary position 
of equilibrium, measured in a vertical plane and having a 
direction at right angles to the cable 

E = Young’s modulus of elasticity for the material of the cable 

I = moment of inertia of the plane area cut by a plane normal to 
the cable about a diameter 

m = mass per unit length of cable 

T = tension, assumed constant throughout the span. This may 


be done with very little error for the usual span sag 
s = distance measured along the catenary curve as position of 
static equilibrium 
= any arbitrary force per unit iength acting along the conductor 
time 


TRAVELING WAVES 


A paper by W. B. Buchanan! has stimulated a 
great deal of interest in the study of traveling waves 
along conductor spans. It may be profitable, there- 
fore, to investigate the effect of conductor rigidity 
on such waves. 

In the absence of any impressed or frictional forces 
equation 1 becomes 


(la) 


It is this equation which a traveling wave must 
satisfy. If f is the frequency of the traveling wave, 
and the quantity 


1672fmEI 
= a ate 


is so small that x? may be neglected in comparison 
with x, then the velocity of propagation v of the wave 
is given by v = V T/m and is thus independent of 
the frequency of the traveling wave. The criterion 
that x be small is satisfied at frequencies of from 
10 to 30 vibrations per second, the usual aeolian fre- 
quencies for the size of conductor ordinarily em- 
ployed, if the size of cable is not very much greater 
than one inch in diameter. If the conductor is 
assumed to be a solid cylinder having a density p, 
an expression is obtained for « in terms of 7, the 
4pr*Er®’ F? 
T?2 
that the effect of rigidity is dependent upon the 
sixth power of the radius. At high frequencies or 
with large radii x? is not negligible compared to x. 
In such cases the effect of rigidity is marked and the 
law for the velocity of propagation is not a simple 
one. The velocity of propagation then depends 
upon the frequency and the other constants. The 
expression may be written 


x 


radius of the conductor: x , showing 


1 
Levee th Vee 4EImw? (2) 
Tr 1+ —1 
T?2 


where w = 2zf 


The conclusions to be drawn from this are: 


1. For the usual size of transmission conductors and for frequencies 
and tensions that are met in practice, the criterion that x be small 
is met. In such cases the velocity of propagation is the same 
as that given by equation 1 if the term EI involving rigidity is 
neglected. Hence, for the usual transmission line span, the effect 
of rigidity may be neglected for traveling waves. 


2. For an impressed wave of a complex character, which may be 
resolved into a Fourier series, the high frequency components will 
not be propagated with a velocity independent of frequency and 
there will be marked distortion. 


3. Since the quantity « varies as the sixth power of the radius of a 
solid conductor, it may be seen that the effect of rigidity becomes 
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marked as soon as the conductor size passes a certain dimension. 
(x is quite small for conductors having a diameter of one inch or less.) 


STANDING WAVES ON Ric1Ip Conpucrors 


_ It is not surprising that there is an appreciable 
difference between the behavior of a perfectly flex- 
ible conductor and a rigid conductor. If standing 
waves exist, it is natural to find them distorted be- 
cause of the effect of rigidity near the supports. 

If equation 1 is solved under the assumption that 
no external forces exist, that F = 0, and that abso- 
lute fixity exists at the 2 extremities of the span, the 
quantity x is encountered again, and if it is assumed 
to be small, a solution for standing waves is possible. 
The effect of rigidity under this assumption is 
merely to disturb the nodal points, making their 
position a function of the distance from the points 
of support as well as the frequency of vibration. 
The nodal points are defined by a somewhat com- 
plex transcendental equation, but it is possible to 
calculate their position near the middle of the span. 
The general effect of rigidity appears to be to raise 
the frequency of all harmonics as given by the 
formula 


r Bley, 
— — Pr 1+— EI wherey = 1, 2, ..., ete; (3) 
Zo l ip 


and to shorten the wave length. 

The effect of the small amount of rigidity present 
in a transmission line cable does not influence mate- 
fially the propagation of traveling waves or the 
formation of standing waves; however, at higher 
harmonic frequencies the result becomes compli- 
sated. Fortunately the criterion that the quantity 
¢ be small is met in a practical transmission line, 
and there is no need for a discussion of this com- 
olicated phenomenon. 


DAMPED VIBRATIONS 


Since the effect of rigidity is not appreciable in a 
oractical transmission line it is possible to study the 
ffect of damping on the behavior of the vibrations by 
ymitting the term due to rigidity in equation 1. 
The physical law of damping actually followed by 
he cable is very complicated, and it cannot be 
ormulated exactly; nevertheless, a law of damping 
hat is approximately true and that can be ana- 
yzed mathematically can be assumed. Although 
he results are not exactly correct, they should give 
it least a qualitative view of the effects of damping. 

If it is supposed that the force / in equation 1 is a 
orce of viscous damping, or damping proportional 
o the transverse velocity of the cable, 


—— = ea oe (4) 
ot? Os? Ot 

vhere the damping coefficient R is assumed to be 

mall. 


TRAVELING WAVES WITH DAMPING 


In case a traveling wave on a conductor obeys the 
oregoing law of damping produced, say, by having 
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one end of the span execute forced vibrations of a 
character u = Acos wt at s = 0 it is found, on the 
supposition that R is small, that 

see el 


2 °V"T cos w(t — s/a) (5) 


u = Ae 
Unless otherwise defined a = VT/m in this and 
subsequent equations. 

Equation 5 represents a traveling wave progressing 
in the positive s direction with a velocity a inde- 
pendent of the frequency. The wave undergoes 
a diminution in amplitude because of the attenua- 
tion factor, and the greater the tension and mass 
per unit length of the conductor, the smaller will be 
the attenuation. If the damping coefficient is 
very small, as it is usually, the amplitude diminishes 
in a manner proportional to the distance traveled; 
however, if R is appreciable the damping is great, 
particularly at low values of tension. 

It is interesting to observe that Buchanan! found 
experimentally a greater attenuation of the travel- 
ing wave at low values of tension, and that the loss 
in amplitude is proportional approximately to the 
distance traveled. This effect can be seen from 
equation 5, for if Ris quite small, 


Rs 1 a 
e? om be 1 RS | 17 
2 mT 

approximately. 


This shows that the loss in amplitude is propor- 
tional to the distance traversed. Hence, a rough 
experimental check is available for the assumed 
law of damping. The rate of decay is seen to be 
independent of the frequency, so that no distortion 
of a complex wave occurs. 


STANDING WAVES WITH DAMPING 


With the justifiable assumption that the damping 
coefficient R is very small, it is possible to obtain a 
general solution of the damped wave (equation 4). 
This solution is: 


Rt 
Hh — (2 2m 


[?:(s — at) + dx(s_+ at)] (6) 


where ¢; and ¢2 represent arbitrary functions of the 
argument (s = at). Physically ¢; is a wave of dis- 
placement traveling in the positive s direction and 
¢@, is a wave traveling in the negative s direction. 
The whole disturbance is subjected to a decay be- 
t 
cause of the term e *”. If a solution is sought to 
satisfy the restriction of fixity at the extremities 
of the span, on the supposition that R is small, 


REN 
U =e 2m 


(An sin Brt -+- Cy cos Bt) sin - (7) 
n=1 
where A, and C, are arbitrary constants depending 


upon the initial distortion of the cable from the 
position of equilibrium and 


eo! aE R2 
in = = = == 
2 I? m2 
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Fig. 1. The Stockbridge 
damper and an approximate 
equivalent 


CABLE 


STOCKBRIDE DAMPER 2 


which is the solution for standing waves when damp- 
ing is present. The position of the nodes is not 
changed by damping, but the whole disturbance 
undergoes a rapid decay in amplitude with time, 
and the periods of the various frequency components 
are increased by damping. The damping of stand- 
ing waves, unlike the damping of traveling waves, 
is independent of the tension, and is greater for lower 
values of mass per unit length of the conductor. 
The powerful damping effect of the exponential term 
suggests the desirability of having a large damping 
coefficient R. If R could be made large enough there 
would be no tendency for transient oscillations of the 
cable to arise. 


FORCED OSCILLATIONS 


When a circular cylinder is placed in a moving 
fluid there is a tendency, in a real fluid such as air, 
to form a region of immobility behind the cylinder. 
Because of the shearing effect of the fluid stream on 
this dead wake, however, the fluid is set in rotation 
in the form of 2 eddies as shown in figure 3. 

This dynamic system is most unstable, and when 
the stream attains a sufficient velocity, the vortexes 
formed in the wake no longer remain attached to 
the cylinder, but on reaching a sufficient size are 
carried downstream as if they were solid bodies. 

Karman and Rubach® investigated the stability of 
the vortex system and Rayleigh‘ gave an empirical 
formula for the frequency of detachment of these 
vortexes. Rayleigh’s formula is: 


frequency = oe V(1 oe 
ee R 


where 

V = velocity of wind in feet per second 

D = diameter of cylinder in feet 

R = Reynold’s number or the critical value of VD/v at which 
eddies form expressed in suitable constants, and vy = w/p the 
kinematic coefficient of viscosity 

mw = coefficient of viscosity of the fluid 

= density of fluid 


>. 


For the range of values of practical interest in 
transmission line vibrations use may be made of 
Relf and Ower’s® value for the frequency, f = 
0.185 V/D, in which V = velocity of wind rela- 
tive to the cylinder in feet per second, and D = 
diameter of cylinder in feet. 

The problem is the finding of an expression for 
the transverse oscillatory force produced by the de- 
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tachment of the vortexes and the drag force due to 
the wind. If use is made of the dynamically similar 
case discussed by Thom,°® Fp per square foot (drag 
force per square foot) = Kp p V’, where Kp is a 
constant varying but slightly with the velocity V, 
and p is the density of the fluid. 

For the maximum amplitude of the transverse 
force or pressure 


Frper square foot = KrpV? (8) 


The values of Kp and Kr vary with the velocity, 
but for the usual value of Reynold’s number for flow 
of air around a cylinder having a diameter of about 
one inch, they may be taken to be approximately 
Kr = 0.45 and Kp — 0.64. 

Using the average density of air, and converting 
units to the English system, 


Py, = maximum transverse pressure = (1.04 X 107%) V? pounds 
per square foot 

Pp = drag pressure = (1.47 X 1073) VV? pounds per square foot 

V = velocity of wind in feet per second 


If D = diameter of wire in feet, 
Fr = M,yDV? = maximum transverse force per foot of length 
Fp = MpDV? = drag force per foot of length 


where the quantities Mr and Mp vary somewhat 
with the velocity of the wind but may be taken as 
reasonably constant throughout the usual range of 
wind velocities of from 0 to 10 miles per hour. 
For such a case the values Mr = 1 X 107% and Mp = 
1.5 X 107% produce the correct order of magnitude. 

Having obtained this empirical expression for 
the maximum transverse force and drag force, the 
problem can be solved as follows: Assume that the 
transmission line span is subjected to a uniform 
horizontal wind having a velocity component Vy 
at right angles to the length of the line. Assume 
further that the transmission line conductor is a 
cylinder suspended in space, acted on by the forces 
shown in figure 4, and has a velocity v transverse to 
the wind. 

Now if the transverse force Fr may be as- 
sumed as Fr = MrDV7* cos wt where » = 
oe Ve anid Wi, oe 
may be taken in the uw direction to obtain 


MpDVr? components 


v 
oe = Fy cos 6 — Fp sin 6 where 6 = tan~! — 
Vw 


It may be assumed that in a practical case Vr = 


VVw? + v? = Vw approximately; therefore, 
bs — MyDVy? cos wh — MpDVyv (9) 


The action of the wind is seen to be that of a 
driving force M;DVy’ cos wt and a viscous damping 
force MpDV wu. 

Assuming the velocity of the wind to be reason- 
ably constant throughout the span, it is permissible — 
to substitute into the general equation of motion and > 
obtain | 


ou a me 2 
RS = T+ MrDVq? cos wt — MpDVw— (10) 


It will be noticed that the coefficient of the damping 
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term contains 2 factors; R due to the bending and 
twisting of the material, and MpDVy due to the 
drag of the wind. 

_ On the assumption that there is negligible damp- 
ing, 


. 185) V; 
go 185) Virm — BR MAD Vip 
and with the limitations imposed by the boundary 
conditions of fixity at the extremities, the solution 
of equation 10 is: 


_ 23.8MrD? 


» sin Kl |sin Ks + sin K(J — s) — sin K1] cos wt 


(11) 


where 


w = weight of line, pounds per foot 
Mr, aconstant = 1 X 1073 


Km = wel” 
eT 


1.16Vy 


D 
length of span, feet 
cable diameter, feet 
32.2 feet per second per second 
tension, pounds 
wind velocity, feet per second 


to tt wo 


a) 
l 
D 
g 
A 
Vw 
This solution satisfies the conditions of fixity 
of the supports and represents a superposition of 
2 waves, each having a wave length corresponding 
to the forced frequency, each with a node at one 
end, and with the proper compensating constant. 

It must be realized, however, that the tenta- 
tive assumption of negligible damping has been 
anade. If 


De 


i Nel inand 1 ete. 


sin K? = O'or Vy = 
a condition of resonance exists, and the amplitude 
apparently is infinite except at the nodal points 
Se 

However, if the small terms due to dampiug 
had not been rejected, sin K/ is not zero for any 
value of K, because K then is complex and approxi- 
mately equal to 


B= clin 77e| (12) 
a A ts) 

where 

me (R4 MpDVyl 

‘ Ww 


» = 1.16Vy/D 

|sin Fai rescostinee = sinh pi/2a 

and the vibration is slightly out of phase with the 
impressed force. 


ANALYSIS OF VIBRATION DAMPER 
A mathematical analysis of the action of a damper 


of the Stockbridge? type is possible if certain sim- 
plifying assumptions are made. 
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The usual Stockbridge damper consists of 2 
masses supported at the ends of a rod and clamped 
to the conductor by means of parallel groove planks. 
The masses have weights of about 7 pounds each, 
and the distance between them is about 5 feet. 
In this analysis it is proposed to replace such a 
complex dynamic system by the simpler system of 
figure 1. 

The approximation is permissible because the 
action of the rod is essentially that of a damped 
spring at whose ends are connected masses. 


POWER CONSUMED BY DAMPER 


Essentially, a damper is a device for extracting 
energy. Its action in suppressing vibration is due 
to its dissipation of the energy contained in the 
transient oscillations which the cable persists in 
following even after the action of the wind has 
stopped. 

The average power consumed by the damper of 
figure 1, is: 


RM?D%4 
Pavg. = = (14) 
2[R? + (wM — u/w)?] 
where 
D = displacement of cable at the damper 
R = damping coefficient of the damper spring 
yp = spring constant 
M = moving mass of the damper 
@ = Q7rf 
f = frequency 


‘Hence it is apparent that in the steady state the 


average amount of energy dissipated in the damper 
is much greater at the high frequencies; however, 
the higher frequencies have smaller amplitudes D 
and the effect balances out. 

The maximum power dissipated by the damper 
occurs at the resonant frequency Fr = 1/20 Vu/M. 
. avg. oR 
that if R is quite small the damper will extract 
considerable energy at the resonant frequency. 
A damper should be designed, therefore, so that its 


where wr = 2rFr. It appears 


Fig. 2. System of 
forces acting on 
the end of a span 
with movable 

supports 


1 
CONDUCTOR T2 
NUMBER 1 CONDUCTOR 
NUMBER 2 


natural or resonant frequency coincides with the 
frequency of the most troublesome vibration. If the 
damper contains several springs and masses, a band 
of frequencies may be damped. The dynamic 
displacement factor D of the cable at the damper 
indicates that if the damper be placed at a node, the 
energy absorbed will be zero. Because of the irregu- 
larity of the wind and slight yielding of the supports, 
however, the nodes are not fixed points, and energy 
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absorption always is taking place. The more funda- 
mental action is that of a traveling wave on the 


damper which will be discussed later. 
By maximizing the expression for the average 


power absorbed with respect to the various quanti- 
ties the following results are obtained: 


1. Optimum R (other constants fixed) 


R? = (wM — p/w)? (15) 
2. Optimum M (other constants fixed) 

M = R%/u + w/o? (16) 
3 Optimum pu (other constants fixed) 

| (17) 


p= wl 

The last condition indicates that the spring should 
be adjusted for resonance for best results, and sug- 
gests the greater flexibility of a damper whose 
spring constant or mass may be adjusted. 

There is, of course, a danger that too great a 
flexibility of the spring may give rise to dangerous 
amplitudes and their corresponding destructive 
effect on the damper. 


REACTION OF DAMPER ON CONDUCTOR 


An expression for the dynamic reaction of a 
damper on an oscillating conductor shows rather 
clearly the mechanism by which energy is abstracted 
from the conductor. The expression is: 


VED N/ peck Rie 


"Se gens ae 
where 
woM — p/w 
DSS a aa ¢ = tan z 
B = tan u/wR 


in which the quantities have been defined previously. 
The point of support of the damper is experiencing 
the motion u = D cos wt and the static weight of the 
damper is neglected. With the condition that yp = © 
a correct expression is obtained for the reactive 
force due to a mass WM fixed to the conductor. The 
energy-abstracting action of the conductor is due 
to the phase displacement 6. The reactive force is 
proportional to the amplitude of the motion and, 
at the resonant frequency, to the mass of the damper. 


EXTREMITIES SUBJECT TO YIELDING 


An analysis of the behavior of standing waves 
may be carried out when the extremities are sub- 
ject to yielding in a vertical direction if it is as- 
sumed that the ends of the cable are constrained to 
move in a vertical direction by the action of springs 
and masses attached to the ends. If the spring con- 
stants are denoted by uw and the masses by M, and 
if it is assumed that there is negligible damping in 
the conductor (R = 0), the solution is dependent 
upon the equation 


O7u , Ou — 
aa = gq? oH where a = ee 
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subject to the conditions: 


A 0 M ore + = pot 
ile ts= wo pu = x 
O7u Ou 
De ING Ses / sr dm are 
The solution is: 
u = (A sin rs + D cos 7s) sin rat (19) 
in which 
A — Mra? 
—=* a A = an arbitrary constant 
D 1 E 
fy WOT 
tan 7] = tan 20 6 = tan7~! ———_—_ 
file 


The analysis of the general case thus leads to a 
somewhat complicated transcendental equation for 
the possible values of 7. The accuracy can be 


ry 
: Ly) 


> 


_—— > 


Fig. 3. Formation of vortexes behind a cylinder in a 
moving fluid 


checked, however, by considering first whether it 
reduces to the correct solution for the rigidly fixed 
case. This can be done by placing 4 = © and 
M=0. The result is: 

tan@d= », @=7/2+ 2n7ands =0,1,... 
tan 29 = tan(a + 4s7) = 0 = tanzl 


therefore 


(19a) 


This agrees with the solution obtained for rigid 
ends which may be obtained by elementary methods, 
and is the solution for standing waves. 


SLIGHT MOBILITY OF SUPPORTS 


By placing M = 0 and letting » be great, the 
practical case of slight yielding at the supports is 
obtained, and the following expressions are appli- 
cable: 


f = frequency of vibration = 7 ( 1 
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»y which it is indicated that the frequencies of the 
larmonics are slightly lowered. The ratio A/D, 
1owever, yields the important information that 
here are no nodes. This is evident from the obser- 
vation that even though A/D is large and A is 
ubitrary, nevertheless D is not zero, and from the 
squation 


4 = (A sin rs + D cos rs) sin rat (19b) 


t appears that there are no true nodes although there 
ure points at which the displacement wu is always 
small as a consequence of the smallness of D. Per- 
aaps this conclusion explains the action of the damper 
ut almost any point. The solution of the general 
ease requires a graphical analysis of equation 190, 
or which given values of the constants must be 
ised. 


REFLECTION COEFFICIENTS 


The fundamental position of traveling waves in 
the theory of vibration suggests the value of an 
analysis of their reflection at points of discontinuity. 
The complete derivation of these equations is found 
in the appendix. 

Reflection of Traveling Wave at End of Span Having 
Movable Supports. In this analysis the system of 
igure 2is assumed. The span terminates on a mass 
M, which is given a degree of vertical freedom by a 


Fig. 4. Diagram 
of wind forces 
acting on a trans- 
mission line con- 
ductor 


/ = velocity of cyl- 

nder in u direction 

3s a result of its oscil- 

lation Ou/Ot. Vw = component of wind velocity acting in horizontal 

direction at right angles to the span. V; = velocity of wind relative 
to the moving cylinder 


spring that is supposed to have a spring constant u 
and a viscous resistance coefficient R. For general- 
ity it may be assumed that the 2 spans have the 
masses per unit length m, and mp, respectively, 
and the tensions 7; and Z>. It is found that for 
the size of cable ordinarily used (about one inch in 
diameter) and for frequencies of the order of magni- 
tude of the objectionable frequencies present in 
transmission lines, the effect of rigidity in the reflec- 
tion and transmission coefficients may be neglected, 
provided that the tensions are not such as to allow a 
sag exceeding '/1) of the span length. 

General Reflection Coefficient. If the incident wave 
traveling along conductor number 1 of figure 2 be 
represented by the equation 


41 = A cos w(t + 5;/v1) where 11 = /Ti/m 
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The reflected wave along conductor number 1 is 
given by 


uR = cos | ( = e) + | 
where 

Q = Va’? + (8 — y)? 

P = V/at £8 +7)? 


a=w.rM —u 


(20) 


8 = wV mT, 

es wo V mT 2 a IR) 
9 = 0, — 0 

a, = tan! peasy, 


Qa 


2 8 ee) 


a 


6, = (hol 


This complex expression may be simplified by the 
assumption that the adjacent spans are identical; 
thatis 77 — ms aude) —= ot ten: 


Q \- a wR 
P a + oR + 2°/ mT)? 


ve \ wo M — p/w)? + R? 
(Me n/a)? + (R + 2N/mTy 


(20a) 


showing greater reflection at the higher frequencies. 
At the frequencies for which the spring and mass at 
the ends are in resonance, 


=e R 
SE Vag ere — = 
ss ES Dee er 


Since RX is small, it is apparent that there is a small 
amount of reflection at the resonant frequency. 


TRANSMISSION COEFFICIENTS 


If the supports are movable, a traveling wave in 
span | (figure 2) proceeds to span 2. The transmitted 
wave is defined by 


a AO: 


Utrans. = i Bs cos [w(t — 52/2) + a] (20b) 
in which 
P = Va? + (6+ 7) QO: = 20V mT 
a = 9M = p y = WV mT, + R) 
6; = cos m1 
a 
6d. = COS m a = 7/2 — 6; 63 = tan— Ga 


For ordinary spans, the angles 7, and 7. are small, 


5. 
and the ratio = may be taken as unity, if as before, 
2 


the spans are identical. 


to 
on Z 20° mT 


BN (aie)? RE id 


The expression Q,/P reduces 
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where 
and Te = 7, = T 


This expression reduces to zero if uy = © or the end 
is fixed. At resonance the expression is a maximum, 
showing that in this case there is a minimum of re- 
flection and a maximum of transmission. If M is 
appreciable the reflection coefficient becomes quite 
small at the higher frequencies. 

Since both the reflection and transmission co- 
efficients involve the frequency in a nonlinear 
manner, it is apparent that when a complex wave, 
which may be resolved into simple waves of several 
frequencies, impinges on a movable support it is 
partially reflected and partially transmitted in a very 
complex manner. Since the transmission coefficient 
is highest for the wave that is in resonance with 
the movable supports it might be possible in this 
manner to build up objectionable vibrations in 
several adjacent spans as a result of the discriminat- 
ing action of the supports in favor of waves of that 
particular frequency. 


m, = Mm = m 


REFLECTION FROM DAMPER 


In an analysis of the action of a vibration damper 
it is of interest to observe the effect of a damper on a 
traveling wave. On the assumption that the fre- 
quency of vibration and the size of wire are such 
that the effects of rigidity may be neglected as dis- 
cussed previously, and that the vibrations are of the 
small amplitudes 


Uincident = Aeiets(?) 


a= Bie ts/v) 


Ure flecte 


Utransmitted = Cae— $72) 


because of the linearity of the equations, only the 
real parts of the solutions are retained. If equation 
18 is used for the dynamic reacting force of the dam- 
per the boundary conditions can be defined as usual, 
and the reflection and transmission coefficients may 
be obtained. Because of the complex character of 
the reactive force the expressions for these coefficients 
are quite involved. 


REFLECTION COEFFICIENT 


If the incident wave is represented by the equation 


\: 


the reflected wave is defined by - 


uy = A cos w(t — s/v) where v = 


Ak 

ue = — 7 cos [alt + 5/e) + (e — 6)] (21) 
in which 
K ve 1 
V \' bez! 4e?RWV mT ae 42°mT 

2? 2° M2 
—— ~/ R? + (wM — pias? 2 = V/ wR? 4 oy? 
e = —(¢ + 8) ¢@ = tan} aM ig 

R 
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eS it jote2L 


= tan” 
Bi Kcos e 


B= tate ae 
3 oMV/ Rr? ape 
VR? + (oM — p/w)? 


The quantities M, R, and u are those defined pre- 
viously for the damper. When the denominator 
of the expression for K/V becomes imaginary, it is 
interpreted as a 90 degree further change of phase in 
the reflected wave. The complexity of this expres- 
sion makes it difficult to analyze. Since the damp- 
ing coefficient R is small, however, it appears that 
the denominator of the expression for K/V is 
approximately equal to unity if the frequency of the 
traveling wave is the same as the resonance fre- 
quency of the damper, thus, it appears that traveling 
waves having frequencies close to the resonance fre- 
quency of the damper are quite strongly reflected. 
Of course, perfect reflection does not occur in this 
case because of the viscous damping coefficient R 
of the damper. Much information cannot be ob- 
tained from the above equations, however, without 
the use of numerical values for the constants. This 
reduction may be done in a practical case. 


ENERGY CONSIDERATIONS 
OF TRAVELING WAVES 


Any vibration suppressing device must in some 
manner extract energy from the vibrating trans- 
mission line. On the hypothesis that the tension 
of the cable is great in comparison with its mass per 
unit length, an expression may be written for the 
average energy per unit length of the wire. The ex-_ 
pression for a traveling wave of amplitude A and of 
frequency f = w/2z is: | 


(13) 


This relation shows that the high frequency com- 
ponents of a complex traveling wave carry an ap- 
preciable amount of energy even if their amplitudes 
be small. Since the energy varies as the square of 
the amplitude, it is apparent that any factor that 
tends to increase the damping coefficient R has a 
great effect in suppressing transient oscillations. 
This may be seen from the equation of damped 
traveling waves 


- 35 
ui = Ae * NT cos o(¢ — s/a) 


In case R is appreciable the amplitude is reduced 
rapidly with distance. Any factor such as inter- 
strand friction, which tends to increase R, has great 
influence in absorbing energy and in mitigating 
vibration. 


EFFECT OF WIND VELOCITY | 
The amplitude of the forced oscillation is de- 
pendent on Vy in the following ways: 


1. The angular frequency w = 1.16Vw/D varies directly with the 
wind velocity. | 
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2. The imaginary part of K, or the part that prevents sin K/ 
from going to zero and limits the amplitude at quasi-resonant values 
of w, increases with an increase of w or of wind velocity. This is 
due to the wind velocity viscous damping term. See equation 11. 


3. The factor Mr increases somewhat with wind velocities. 


a 


EFFECT OF CABLE CONSTANTS 


The weight of the cable appears to Jessen the 
damping effect of the wind and the damping factor 
R of the material. An increase in the weight per 
unit length lessens the damping effect; however, 
the factor w in the denominator of the expression 
for u lessens the amplitude of the nonresonant vibra- 
tions. 

The equation for K shows the effective lessening 
of the damping caused by an increase in tension. 

It may be seen that as long as damping is con- 
sidered, or K is taken as complex, there are no true 
nodes except at the ends. There are, of course, 
points of minimum and maximum amplitude, but 
they are not true nodes or antinodes. If the wind is 
of variable velocity, these false nodal points must 
continually shift their positions because of changing 
values of w». The amplitude appears to be a func- 
tion of the cube of the diameter, suggesting that 
cables of large diameter are most prone to large 
amplitudes. 

The fact that at the resonant frequency 


|sin Rolresenaics = sinh E \” (R +MpD vr) | 


shows most clearly the influence of several line con- 
stants on the magnitude of the amplitude at reso- 
nanice. 


HoLitow CABLES 


The Swiss engineer, Max Preiswerk, has pro- 
posed a theory of a vibrationless cable. He pro- 
poses to have a hollow conductor inside of which 
is a steel core. The steel core is loose and at a 
different tension than the envelope. Preiswerk 
argues that in such a system 2 natural frequencies 
exist and one or the other is always opposing the 
establishment of all types of standing waves re- 
sulting from an accumulation of traveling waves. 
The situation, he argues, is similar to that of 2 
coupled vibrating systems which, when coupled to- 
gether, have a natural frequency differing from that 
of either system taken separately. 

A mathematical analysis of this theory produces 
many interesting conclusions. Since a mathematical 
analysis of a loose core is impossible because of the 
discontinuous character of the motion, consideration 
will be given to a system that is more responsive 
to analysis and less destructive in its action, for it 
does not allow the 2 conductors to bump together. 

Assume that some material of an elastic character 
is inserted between the inner and outer cables. 
For the purpose of analysis, assume that this mate- 
rial produces an interaction between the cable and 
the core proportional to the difference of the abso- 
lute displacements at right angles to the lengths of 
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the conductors. Assume also that the packing 
material absorbs energy in such a way as to produce 
viscous damping proportional to the relative veloci- 
ties between the inner and outer cables. 

Let all quantities with a subscript 1 refer to the 
inner cable, and all quantities with a subscript 2 
refer to the outer hollow cable. Then let 


I 


uy transverse displacement of the inner cable from the nor- 


mal catenary form as position of static equilibrium 


my = imass per unit length of the inner cable 

Ti = tension of the inner cable 

k = elastic coefficient of the packing material 

R = damping coefficient of the packing material 

t = time 

Ss = distance measured along the conductor 

A, = amplitude of impressed force per unit length acting on 
outer cable 

w, + 8 = frequency and phase constant 


Under the assumption that the tension is prac- 
tically constant throughout the span length, and that 
the amplitudes of the transverse vibrations are 
small, the equations of motion are: 


0% 
My, 
Ot? 


RN, eer ; 
a 132 Uo U,) 5 UU Uy 


(22a) 


Lae ee Woes, ie 
Ns aos 2 = — Uo — Uo 
23, ae uy Uy $ Uy Uy 


A» cos (wt + Bs) (23a) 


Since the inner and outer conductors must hang 
in identical catenary curves in the static state, each 
static curve must be equal to y = H/w cosh (xw/H) 
in which m = w/g, and g is the constant of accelera- 
tion due to gravity. To a great degree of accuracy 
for a taut cable H = T. The static curves must be 
identical so that there will not be a static stress, and 
the condition that 


Mog 2 


must be valid for all values of x. 
x = 0 then Ti /mg = T2/mog or T,/m = 
This equality satisfies all values of x. 


If, in particular, 
T2/ms =) (0, 


STANDING WAVES 


Eliminating wu, from equations 22a and 23a, placing 
A, = 0 for the freely vibrating case, and assuming a 
solution of the type uw = Cé +8) produces the fol- 
lowing solution for uo: 


-. ant ant 
Uy = > (4. sin ope + By cos a) sin a + 


0 


7 : _ ns 
—— Ri/2m > (Cy sin aint ++ Dy c08 ant) sin 
0 


ii Which 


1 = span length An, By, Cy, Dyn = arbitrary constants 


Use has been made of the fact that the supports 
are rigid and are nodal points. The first summation 
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in the solution for 1, represents the usual standing 
wave solution for a span with undamped vibration. 
This represents the trivial case in which the inner 
and outer cables are vibrating in such exact syn- 
chronism that they do not react with one another. 
Since any force tending to cause the system to 
oscillate necessarily acts on the exterior conductor, 
asymmetry is introduced from the beginning of the 
motion, and synchronism cannot exist. 

The second summation represents the actual 
physical case when the 2 cables react one against 
the other, but it will be noticed that the whole dis- 
turbance dies out because of the factor «7%. 
If the damping coefficient R of the packing material 
is large, the quantity a, is imaginary for small 
values of 1, showing that in such a case vibrations 
having great loop lengths do not occur. In any 
case the exponential damping term soon nullifies the 
entire motion. 


DISTINCTION BETWEEN 
DISTRIBUTED AND LUMPED SYSTEMS 


It is evident that there is a difference between 
coupled systems having lumped constants and sys- 
tems having distributed constants. In lumped 
systems the coupling causes the natural frequency 
of the resulting system to be removed from that of 
the individual systems, but in distributed systems 
both uncoupled systems have an infinite number of 
natural frequencies, and so does the coupled system. 
It does not seem possible, therefore, by coupling 2 
cables to remove the natural frequency of the sys- 
tem beyond the range of the most prevalent objec- 
tionable frequency of the system produced by wind 
eddies. 

The chief advantage resulting from the type of 
system here considered is the fact that a material 
having a large damping coefficient R may be em- 
ployed; hence, vibrations of a transient character 
are reduced promptly. 


TRAVELING WAVES 


Before analyzing the forced vibration it is of 

interest to study the behavior of a traveling wave on 
the system under consideration. If a traveling wave 
of angular frequency w and velocity v is considered, 
the following solutions are applicable: 
1. Inner and Outer Cables in Exact Synchronism. 
This represents the trivial case in which synchronism 
between inner and outer conductors is so perfect 
that there is no interaction. 


uz, = A cos w(t — s/v) + Bos w(t + s/v) (24) 


2. Loose Coupling or High Frequencies. If the 
spring effect of the packing is not excessive, it may 
be assumed that k/w?m is much less than unity. The 
solution is: 


Rows Slay ras 
Uy = Ae2mav/w?—k/m cos aE + valerie alg 
wa 
Ros REDS IPS. 
Be~ 2maV/at—Fim cos w [ _ Sat = Em ] (25) 
wd | 


608 


This equation indicates damped traveling waves 
whose damping and velocity of propagation depend 
upon the frequency; hence, a complex wave would 
suffer distortion. = 
3. Frequency » Approximately Equal to VS k/m. 
In this case the waves are of the form 


Un = Aeéu-} cos wt = BS] + (26) 
Be cos wl[t + Bis] 
where 
4) : = y= d B = tN, Rk 
av/2 mM. rn ee) wm 
and distortion is produced as before. 
4. Low Frequencies or Close Coupling. ‘This case, 


which may be approximated closely in practice, 
represents waves traveling with a velocity v = 
2aVkm/R which is great, since in general R is 
small. The attenuation in this case is extremely 
great, and there is no distortion. 


uz, = Ae “cos w[t — Bs] + 
(27) 
Be*® cos w[t + Bs] 


in which w? < k/m, a = (1/a)Vk/m and 
8 = R/2maVk/m. 


FoRCED VIBRATION 


If a force of the form A, cos wt is assumed to be 
of constant amplitude throughout the length of the 
conductor and of an oscillatory character acting at 


Fig. 5. Forces 
acting on a cable 
in a condition of 
equilibrium 


every point of the outer cable, the following equa- 
tion is obtained for the vibration of the outer cable in 
the steady state: 


(k — wm) + Row? 


A, 
at WES 2 2 
We i Ez ue (: ais me | xt reei(1 a ae 
My My 


cos (wt + 63) (28) 


The transient solution must be added to equation 
28 in order to satisfy the boundary values. This 
complex expression gives an approximate indication 
of the behavior of the system under the action of a 
hypothetical wind. ; 

It will be noticed that in every case it is the factor 
R that is active in reducing the vibration. This is 
only a special application of the principle that 
energy must be absorbed in order to damp vibra- 


ELECTRICAL ENGINEERING 


tion. The energy absorption in the case of Preis- 
werk’s loose core cables must come from the shock 
of bumping, and, of course, this action must be de- 
structive. In the above case no such destructive 
action exists. 


Appendix 


DERIVATION OF EQUATIONS 


The equation of the catenary curve, which is the static equilibrium 
position of the cable, is: 


nw 
= — cosh — 
4 w H 


As a typical case for a cable having a diameter of one inch and a 
span length of 1,200 feet, let 


H = tthe horizontal component of 7° 

T = tension 

w = weight per unit length 

1 = span length 

but 

H = 8,500 pounds = J approximately 


w = 0.858 pounds per foot 


then 
w 0.858 _ at ples 
H ~ 8500 > approximately 


and the equation of the span can be taken to be approximately that 
of a parabola 


y = wx?/2H 


1 d?y/dx? w 
K => = = 
R 


ola 


approximately, since for all points (wx/H*®) may be neglected in 
comparison to unity. Thus it is seen that the curvature of the 
static curve may be regarded as having the small constant value 
w/H, or the radius of curvature R as the large constant value T/w 
for a typical span. 

The fact that the equilibrium curve can be considered with very 
little error as a circle of large radius of curvature T/w simplifies the 
analysis greatly. 

Let s be the position of static equilibrium of the cable and measure 
uw in the normal direction to the static position of equilibrium s. 
Now consider the shearing force H at the point s (figure 5) and the 
shearing force H + AH at the point S + AS. 

Since small deviations are being considered from the static posi- 
tion of equilibrium, which takes into account the weight of the cable, 
the weight of the cable may be neglected and components of shear- 
ing force and tension may be taken in the direction « normal to the 
cable at the point s. Consider, in addition, an outside force N per 
unit length acting normal to the cable. 

Equating forces in the u direction, 


T sin 6 + Hcos 0 = Tsin(@ + A@) + 
(H + AH) cos (6 + A6) + NdS 


, O7u 
lim sin (@ + A@) = sin 0 + eer ci 
As—0 Os 


lim cos (@ + A@) = cos 8 
As—>0 
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then 


O*u 
T —dS+ AH + NdS = 0 


Os? 
oH 
AH = —dS 
Os 
and 
O'u oH 
—— — = —N 
Os? Os 


Since only transverse vibrations are of importance here, the 
components of force along s need not be written. f 
There is another condition expressing the fact that there is no 


a 


Fig. 6. Free body diagram of a differential length 
of a conductor vibrating transversely 


tendency to turn the element about an axis parallel to the z-axis. 
Suppose that the moment of all the normal forces Ax on one end 
of a differential element is —G and at the other end is G+ 


oC4s as indicated in figure 6. 


Taking moments about o 


AS AS 
G=G+aG+H> + (H+ aH) 


then 
AH)( AS 
a6 = nas + AEKAS) 
oG oH 0&?G 
j = d = _— 
lee Os a Os Os? 


The moment G may be considered as a result of the stresses of the 
longitudinal fibers of the cable in bending. Consider a bent section 
of wire so that it has a radius of curvature R and let g be the distance 
of a given fiber from the neutral surface. Since the neutral surface 
is the surface at which the fibers are in a state of equilibrium, 


stretched length as R—=q es qd 


unstretched length R R 


Let # be Young’s modulus of elasticity for the material of the 
wire, then 


Eq 
R 


normal stress = Ay = 


The moment about the elastic surface o-o (figure 7) is: 


Asi (Aets 
cece) 


but ff 2 is the moment of inertia J of the plane area of the 
Ss 


normal cross-sectional area of the conductor with respect to the 
diameter 0-0. 

It has been found that for a typical static span the curvature is. 
very small, being of the order w/T; hence, any appreciable curva- 
ture must be due to the dynamic wave. For the radius of curvature 
of the dynamic waves occurring on a tightly stretched transmission 
line 1/R = 0?u/0S? and the unbalanced force WN is defined by 


Ga = 
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d’Alembert’s principle —N = m0%u/0l—F where m is the mass per 
unit length, 02/02? is the acceleration, and F is any other force per 
unit length. 

The value of N is 


Oru oH oH o’G Ou 
=T—-+ — — = ——andG = EI 
leas Os? i) os aerS Os Os? Os? 
and the equation of motion becomes 

Ou ofu Ou 

— —_ = == F(s, t (1) 
Mims + a Ties + F(s, t) 


The EI term involves the effect of rigidity. Monroe and Templin’ 
have made some measurements of EJ for a cable subjected to tension. 


TRAVELING WAVES 


Placing F = 0, assuming 4 = cos w(t—s/v) and substituting in 


Sut Sarnia la 
Op dst Ds? (la) 
where 
k=1/o T/m = a? and EI/m = 8? 


produces the following result: 


- a a‘ 4 
Qk = — Ba? = * Boo! BX? 
_ Expanding, k = +1/a or v = +aVT/m provided that x? is 


negligible in comparison with x when f = frequency, w = 2xf and 


4E Imo? 
x= <e 


If m = apr? and J = rr‘/4 in the above expression, 


Apa Erf? 
ke es aera 
T? 
The units used are the foot and the pound. # must be expressed 
in pounds per square foot and J in (feet)‘. 


In the general case in which x is not small, the above equation 
may be solved for k, and since k = 1/v, 


yo 1 

v=o ee 

if 4EImo? (2) 
oe ea 


STANDING WAVES ON RIGID CONDUCTORS 


Equation la may be solved by the usual method of separation of 
variables with the assumption that u = ¢(S)¥(é). Making use of 
the boundary conditions u = 0 ats = o and u = o ats = / leads 
to an extremely complicated transcendental equation for , as 
follows: 


sinh 7] sin rol 2nB 0 

1 — cosh 71 cos 7 2) a 

where 
a? 1 4 2 2 

a AIS seete (cae os ae 
262.2, YB B? 262 2 Ys 6? 

pape eg tt 
m Qr 


It is found for the usual constants of a transmission line that "1 
is large and 7; is small; therefore, the approximations cosh 7,1 = sinh 
rl and cos 721 — 1 are justifiable. 

The above expression then reduces to 


2nB n? 
tan r44 = —— wherer,? = — 
aq? a? 
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and is subject to the very accurate approximate solution 


aie sel fal: 2 EI 
= — e— —- @— 3 
( l ates Ht) (% 


or 


Nn r fe 2 EI 
we we Oe bee lee 

27 21 Ym t ie 
my iich pe—— One le ree 


DAMPED VIBRATIONS 


In this case the important results are the values of v in the travel- 
ing wave solution u = Acosw(t—s/v). By substituting these 
values in the equation m0?u/dt2 = Td%u/ds?—ROdu/ dt, making 
use of the exponential form for the trigonometric relations, and 
assuming that the damping factor R is small, it is found that 


-F 45 
u-= Ae 2 NT cos w(t — s/a) (5) 


STANDING WAVES WITH DAMPiNG 


An approximate general solution of the equation md?u/ol? = 
T02u/0s?—Rou/dt may be obtained by making the substitution 
Rt 


y(s, te 2m which produces the expression 


Uu = 
oy R: ma Reo. 
Ol? 4m? ~~ m ds? 


Since R/m is small, however, this term may be neglected on the 
supposition that y is small. Then 


whose solution is: 


y = oi(s — at) + o(s + at) 


Hence 

_ Rt 
u=e 2m |pi(s — at) + o2(s + at)] (6) 
STANDING WAVES 


The solution for standing waves with damping may be obtained 
easily by the method of separation of variables. The boundary 


Fig. 7. Normal 
cross section of a 
vibrating conduc: 
tor, showing the 
quantities in- 
volved in the 
derivation of the 
dynamic equa- 

tions 


conditions of fixity at the extremities must be imposed, and with 
the condition that R is small 


u4 = 


Rt 
«2m > (An sin But + Cy cos Bnt) sin (7) 
1 


1 /4n272a2 sR? 
2 pigs 


Bn = 
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FORCED OSCILLATIONS 


Consider the equation 


O2u Ou O2u Ou 

hag aS her ae 
mn Ot? + R aL = 7 ds2 a M7DVy cos wt — MpDVy bE (10) 
Let 

a Mr | 2 
=. R+ MpDVy | a? = T/mand A = — DVy 

m 

then 
ee Oe Oe 
mn Des =a 532 COS wi 
Assuming u = v(s)e/* and retaining only the real part of the 
solution, 
Pu ou ee oO +A Jt 
oe? ot © Os? 


vy = C, cos Ks + Cy sin Ks — 


a?K? 
The boundary conditions are: 1. Ats =0,v =o. 2 Ats = 1, 
= oO 
Then 
- in K in K(1 } in Kl 

OF eran ke s + sin K(l - s) — sin Kl] 
where 

a . 
mer, le — jp] 
It is required that 
fo — je)? = w'?[1 — 1/ojp/w + 1/sp?/w? ...] 
Since in general 
p<aw 
[o — jp)'* = wo [1 — 1/2 jp/0) 
and 

w . 
K Bh [1 — */27p/w] 
for practical purposes. However 
sin (x — jy) = sin x cosh y — j cos x sinh y 
therefore 

l 7 _ wh pl : yh. fell 

sin K/ = sin EC ay) :) = sit cosh ee cos ri sinh a 


At resonance frequency sin (wl/a) = 0 (wl/a)=nr n=0,1,... 


and f = (n/2l)/T/m 


In addition, cos(wl/a) = +1 depending upon whether m is odd or 
even. Then 
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y Pel, 
| sin Kl resonance = sinh er = sinh < - a (R + MpDVy) 
2a 2NT 


The imaginary part of the other terms is of no interest, and may 
be neglected in the solution 


A : ; 
“u = ————— [sin Ks + sin K(J — s) — sin K1] cos ot 
a?K? sin Kl 
It will be noticed that sin K] never can equal zero and that its 
imaginary part may be neglected except in the discussion of reso- 
nance; hence, 


y 
Kise and | sin Ki) ;eonante = sinh wi 
a 2a 


The phase angle which should be introduced in the cos wt term also 
may be discarded as having no bearing on the discussion, since 
w > p in the practical case. 


Hence 


23.8 MrD* 
Pe ae eae ee 


2 {sin K; + sin K(/ — s) — sin K1] cos ot 
w sin Kl 


by obvious transformations and changes in units. 
ENERGY CONSIDERATIONS 


General expressions for the energy of transverse vibrations in an 
oscillating span may be obtained easily for the usual case in which 
the tension is great in comparison to the mass per unit length. The 
kinetic energy per unit length is seen to be 1/2m(0u/Ot)? from 
general principles. 

The potential energy equation requires a little more care. Let 5 
be the length of the cable in the normal catenary form as the position 
of equilibrium and s, be the dynamic length of the cable. 

Since the weight per unit length is small compared to the tension, 
the potential energy is the work necessary to stretch against the 
tension because of the loops formed by the oscillation. Potential 
energy stored in bending is neglected. 

The potential energy V per unit length is: 


Osi me ne Wee ER OSs; Ou 2 
— — — ~—i| —s 2 2 = 
tage € i) eae Vas pee Os \' e (2) 


0u/Os is small but not zero and lower order quantities have been 
neglected. 

Assume now a traveling wave of the form u = A cos(wt + Bs) 
where 8 and w must be such as to satisfy m0?u/Ootl? = T0%u/0s?. 
By carrying out the above differentiations and averaging throughout 
a cycle it is found that average energy per unit length 


W = 3/omw*A?. (13) 
ANALYSIS OF VIBRATION DAMPER 


Let the damper be represented schematically as in figure 8, and 
let 


xp = absolute displacement of the damper frame relative to a 
point fixed in space 

xy = displacement of the mass M from the point of equilibrium 
relative to the frame 

x4 = absolute displacement of the mass M relative to a fixed 


point in space 
# = combined spring constant of both springs 
R = damping coefficient of the springs 


The equations of motion are: 


re ela 0 
di MXM = 
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and 


xq = Xu + Xr 


Assume that the cable is vibrating in such a manner that at the 
point at which the damper is attached it is performing an oscillation 
of the type xp = D cos wt Be, 

Then the equation of motion 1s 


2» : 
@xy R dxy os tee tu = wD cos wt 


a2 Md ' M 
which has the steady state solution 
: = Mu 
MoD sin (wt o) enn oe oh p/w 
/R? + (oM = u/o)? 


<M = 


PowER CONSUMED 


Let W be the amount of energy dissipated in the damper. From 


fundamentals dW = FdS. Now at time t 


dx 
dS = dxmu andha—ae ae 
Let 
MDw = Eo 


Z= VR + (eM — p/w)? 
dxu _ REw cos (wt — ¢) 


R 
dt Z 
then 
aw = RE,’w’ cos” (wt — o)dt 


Z?2 


Since the average power dissipated is of importance, this expression 
must be integrated through a complete cycle and divided by the 
elapsed time of the cycle. The result of these operations is: 


RM?*D%0'4 


Paverage = 
2 & > (a - 3) 
@ 


The various expressions given by equations 15, 16, and 17 for the 
optimum values of the constants may be obtained by maximizing 
equation 14. 


(14) 


REACTION OF DAMPER ON CONDUCTOR 


The reaction of the moving mass of the damper on its frame, 
which is equivalent to its reaction on the conductor, if the mass of 
the frame be neglected, is defined as 
woMDV 12 + RQ? 
dt VSR? + (oM — p/w)? 


dx 


F=pxy +R 


cos (wt —"¢ — 8) (18) 
where 


¢@ = tan“! etme 


and 8B = tan“! u/woR 
by obvious transformations. 
EXTREMITIES SUBJECT TO YIELDING 
The vertical component of tension at the support (figure 9) is 


— Tsin (6 + a) = — T(sin 6 cos & + cos 6 sin a) 


but @ is small; therefore cos a > 1, sin a > 0 and the vertical 
component of tension is 


: Ou 
—T | sin @ + cos @{ — 
Os s=0 
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The first term of this expression represents the downward pull © 
due to the weight of the cable and the second term represents 
fluctuations in force due to the dynamic oscillation of the cable. 
For the usual cable span the angle @ is quite small, as may be seen 
from the equations of the catenaries in which these spans lie; there- 
fore, the approximation cos @ = 1 is valid. 


The boundary equations at the extremities are: 


oy ee = 
Ms + pu = SS, ats =o 

07u. Ou 

_—- et eI a fee Sy) fh 
ue ol? eee Os oe 


where the supports are constrained to move in a vertical line and 
M and » are the mass and the spring constant of the support, re- 
spectively. The wave equation m0?u/Ot = T0?u/ds? must be 
solved subject to these boundary conditions. By the usual method 
of separation of variables, the solution is 


u = (A sin rs + D cos rs) sin rat (19) 


where A is arbitrary, but is connected to D by the relation 


A ike Mra? 


D +r 


and the possible values of 7 are given by the complicated trans- 
cendental equation 


tan rl = tan 2¢ 
where 


pw — Ma*r? 


8 =1 
e me tL 


Having determined 7, use may be made of the principle of super- 
position, which always applies to linear equations, and a particular 
solution capable of expressing any arbitrary initial configuration 
will result. The case of slight immobility has been discussed pre- 
viously. 


REFLECTION OF TRAVELING WAVES FRoM MovVABLE SUPPORTS 


Consider 2 adjacent spans connected by a movable support 
that has some degree of freedom in a vertical line. Let this support 
have a mass M which is constrained to move in a vertical line by a 
spring having a spring constant » and a damping coefficient R. 


Let 

T, = the tension in span 1 

T, = the tension in span 2 

m, = the mass per unit length of span 1 
Mm, = the mass per unit length of span 2 


H, = the shearing force exerted on the support as a consequence of 
rigidity of cable 1 


HA, = a similar quantity for cable 2 

6, = angle with the horizontal made by the catenary of cable 1 
at the point of support 

6, = similar quantity for cable 2 


POINT FIXED IN SPACE 
} Xe 


Fig. 8. Diagram 
of one type of 
vibration damper 
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Note that the angles @, and 6 are given respectively by 


tan—* sins aa 
T; 

tan7! E a 
T2 


where h and /, and w; and w, are the respective lengths and weights 
per unit length of the 2 cables. In general, it may be seen that these 
angles are quite small. 


The vertical component of force exerted by the cables (figure 10) 
on the support is 


. Ou 
Fy = Ts sin (3 _ ) + Hp sin (z _ ) + 
! ou 
T, sin & = a) =r i, sin (= = i) 


where u; and “2 are measured at right angles to the static position of 
equilibrium. 
The boundary conditions are: 


-) 


6; 


ll 


Os 


and 

O7uy Ou, 
M R— 

Sone soe 
Let 


Uy = U2 COS 62 = uz; cos 6, and uw = u; + up 
where 


ur = incident wave traveling on span number 1 


Up = reflected wave traveling on span number 1 

U, = the refracted wave on span number 2 

Then 

ur = A coso(t + s/n) = real part of Acie! + s1/m1) 
ur = Bcos o(t—s,/v) = real part of Beso —s1/%) 
Uz = Coos w(t—s2/m%) = real part of Ceio(t—s2/m) 


Substituting in the boundary couditions, 
Fy = Celet—s2/%)| — «2M + Rjw + y] 


Making use of the expression for the shearing force H, 


0G O8u 
a oS oss 
eet 
Ou OU2 OU 
in —- —> — and cos —- —> 1 
sin — os and cos Os 


since oscillations of small amplitude are being considered. The 


expression for the vertical components of forces becomes 


OU2 O72 
= == = 1516 = }) ae 
Fy = cos 0% @ 5S, ote = 


Ou 08u4 
— — El, — 
cos 6; (x Or 141 0543 


) — (Wi + W2) 
where W, and W, represent 1/2 the weights of the cables of span 
number 1 and span number 2, respectively. These quantities repre- 
sent a static load on the spring assumed at the supports, and do not 
influence the dynamic condition. 

Substituting the assumed wave solutions of the differential equa- 
tions of motion, and equating the above 2 expressions for Fy, it is 
found that 


aTajoC ied = B) 


V2 Uy 


&C{u + Rjo — o*M} = 
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61(A -f B) = 52C, 6. = cos Oo and 6; = cos 0, 


in which the effect of the shearing force H has been neglected, be- 
cause 


GES Ea AER 
H, = — EI— = — EI — Cee im 
OSe3 V23 


It has been indicated previously that 2 = WT,/m, and for the 
usual size of cable and frequency of vibration this term may be 
neglected with respect to the term, 720u2/0s2 provided that w < 2, 
and EI < T. 

Solving the 2 equations above for C and B in terms of A and re- 
taining only the real part of the solutions results in equations 20, 
20a, and 20d. 


REFLECTION FROM DAMPER 


The calculation of the reflection from the damper proceeds in the 
same manner as above. As a boundary condition the force of re- 


Fig. 9. Diagram of the end support 

of a transmission line span 
a = (du/ds)s;-0 and @ = angle with the 
horizontal made by the catenary in the posi- 
tion of equilibrium at the supports 


my Mo 


Fig. 10. 


Force diagram. of adjacent spans con- 
nected by a movable support 


action of the damper as calculated in equation 18 (converted to the 
exponential form) must be equated as follows: 


woMCV w + Rew? _ jot 10 ey (2) T (2 4 | 
A/ Res lhe nial? os Os os 
where 


—(¢ + 8) and ur = uy + Ue 


SS 


Equation 21 is produced by substituting the assumed expressions 
for the traveling waves, satisfying the boundary equations, retaining 
only the real terms, and making certain trigonometric and algebraic 
reductioils. 


HoLitow CABLES 


The analysis of coupled hollow cables is merely a solution of the 
simultaneous equations 


pu = aor, + Ki(u, — m1) + Eip(u, — um) (22) 
Puy = Oo, + K2(u1 — U2) + Eop(u. — uz) + (23) 
Az cos (wt + Bs) 

where 

p=~ o= = and ono 


If ~ is eliminated from these 2 equations, and only the real parts 
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are retained, the solution is: 
Pete toe ase Ay (—o% + 028? + Ki + Bjae?r7 P 
where the operators are defined as 


6= K, + Eipands = m,/m2 


a= p? — ae? 


FREE VIBRATIONS, STANDING WAVES 


In this case Ay is zero and the expression 


[a? + (s + l)ad]u, = 0 
must be solved by the assumption that 
ts = Ces wt + Bs) 
The boundary condition of fixity at the extremities produces the 
result 
B = nr/l where n = 0,1, 2, ... (28) 


Equation 28 connects w with 6. Using the principle of super- 
position because of the linearity of the equation 


= t nt nS 
Uy = ) (4. sin a + By cos watt sin + 


0 


ns 


—=-t 
€ se ) (Cy sin ant + Dy cos ant) sin ai 


where 

il 1 1 k an? qr? R2 
—=-— + —and = _ —_—- — 
m my a Me rai m i 2 4m? 


TRAVELING WAVES 


Substitute the expression u, = Ae#(—S/2) representing a traveling 
wave, in the equation [a? + (s + 1)aé]u, = 0. This substitution 
produces the expressions 

a? 1 
» = =aand— = 1 — ——(k + Rj) 
v? wm 


Solving for v in the second expression and substituting the result 
in the above assumed solution, introduces the various expressions 
of equations 24, 25, 26, and 27 with the approximations that are 
mentioned in connection with them. 

FORCED VIBRATIONS 

In the case of forced vibrations A, is not zero and the equation 
[a? + (s + l)od]u2 = Ao(—w* + 078? + Ki + Exra)ei(o! + 89) 
must be solved. This is easily done by assuming 
Ug = Celt + Bs) 


and substituting and solving for C. If the real value of the expression 
is retained and simplified, the result is equation 28. 
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Better Visibility Needed 
on Highways at Night 


More than half of the highway fatalities 
occur during the hours of darkness with a 
quarter of the daytime traffic volume. 
This is significant of conditions beyond 
the control of driver or pedestrian. 
Campaigns for education of driver and 
pedestrian, to be effective both day 
and night, must be accompanied by meas- 
ures to improve night visibility, such as 
systems of fixed lights along the highways. 
The use of automobile headlights is in- 
effective and unscientific. The financing 
of highway lighting service is a_ state 
and not a county or township function. 
It is a vital necessity for preservation of 
life and property on the highway, and 
may readily be financed by surplus funds 
from gasoline taxation. 


By | 
L. A. $. WOOD* 


MEMBER A.1.E.E. 


Westinghouse Elec. & Mfg. 
Co., New York, N. Y. 


F aw PEOPLE in fields closely related 
to the problem of public safety, even in fields dealing 
directly with the problems of traffic safety, have 
realized the vital relationship of darkness with death. 
Few people have realized that existing traffic hazards 
remain unchanged throughout the 24 hours of the 
day, except that darkness comes down like a veil 
over all hazards once every day—comes down to 
confuse and blind the driver and pedestrian—comes 
down to reduce the time allowance for life saving re- 
flexes—comes down to subject the eye to conditions 
with which it cannot cope—comes down, in fact, 
to increase fourfold the lethal potentialities of all 
other traffic hazards. 

Proof, if proof be needed, that those responsible 
for public safety do not appreciate the relationship 
between highway darkness and death is found in 
press and radio campaigns to educate the driver and © 
pedestrian and to enforce traffic regulations, with 
never a suggestion for the elimination of the greater 
hazard of darkness. 


A paper recommended for publication by the A.I.E.E. committee on production 
and application of light, and scheduled for discussion at the A.I.E.E. summer 
convention, Pasadena, Calif., June 22-26, 1936. Manuscript submitted April 
7, 1936; released for publication May 6, 1936. An address embracing the sub- 
stance of this paper was presented at the A.I.E.E. North Eastern District meet- 
ing, New Haven, Conn., May 6-8, 1936. 


* President, Illuminating Engineering Society. 
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UNLIGHTED HIGHWAYS DANGER ZONES 


At night each foot of highway, even though it 
stretches far and straight into the night, becomes a 
danger zone that no sign can mark. No signal can 
safeguard the almost invisible pedestrian on his quiet 
progress or minimize the fatal blinding glare of 
headlights. No warning can dispel the illusion of 
safety or sharpen deadened or confused judgment. 
There is no way of localizing the problem, for it 
exists wherever and whenever there is darkness. 
It presents itself as a separate field of research and 
effort because it cannot be treated and studied as a 
factor applying only to a specific situation. It 
applies to every foot of road and for every hour of the 
night. 

The facts are clear, simple, and adequate, beyond 
all question. The conclusion they establish is not so 
astonishing as the apparent failure to meet it seri- 
ously, or at least seriously enough to take suitable 
action to improve highway lighting conditions. 

During 1935, according to the Travelers Insur- 
ance Company, automobiles in the United States 
killed 21,480 persons during the hours of darkness, 
as compared with 14,600 killed in daylight hours. 
This experience, indicating that highway darkness is 
more deadly than daylight, is recorded despite the 
facts that the number of night accidents is less by 
33,000 than the daylight total and that the volume 
of night traffic only !/, that of the daytime traffic. 

In the early days of the depression many public 
authorities, in an endeavor to reduce expenses, cur- 
tailed urban street lighting and in some cases such 
limited highway lighting as was provided at that 
time. The savings in lighting appropriations thus 
effected were found to be more than offset by the 
losses incurred through the enormous increase in 
night traffic fatalities, with the result that normal 
service later was restored. This experience conclu- 
sively demonstrated that highway illumination will 
reduce night traffic fatalities. 

The rapidly mounting toll of automobile traffic 
fatalities has shocked the American public. Press 
and radio carry almost daily warnings against care- 


less and drunken driving. Highway improvements 
and severe punishment of traffic violators are sug- 
gested and thought even has been given to attach- 
ing governors to cars to limit maximum speeds. 

Safety campaigns, directed as they are to public 
education and enforcement of traffic regulations, to- 
gether with better roads and improved automobile 
design, have proved effective in reducing daytime ac- 
cidents despite increased traffic volume and speed. 
They have had little or no effect, however, on the 
night tratfic accident rate, which has risen from a 
point where in 1917 it represented 30 per cent of all 
accidents to a point where today it represents nearly 
60 per cent of the total. 


LIGHT A SEPARATE FIELD IN TRAFFIC SAFETY 


These accident trends are significant of nighttime 
conditions which are beyond the control of the auto- 
mobile driver. Safety propaganda, to be effective, 
must be accompanied by measures that will im- 
prove night visibility, such as adequate systems of 
fixed lights along the highway. 

Light as a factor in traffic safety differs from all 
others in that it possesses the inevitable and con- 
stant element of change. As a problem, it is not 
limited to a study of conditions existing at one type of 
intersection, or one particular corner; to the number 
of traffic lanes, or the placement of signs or signals. 
It is, in effect, an over-all factor, the significance of 
which can be appreciated only through a general 
study and broad view of traffic accident statistics, 
and a comparison of night and day traffic experience. 


HEADLIGHTS NO PANACEA 


The view oftentimes expressed by automobile 
drivers and safety engineers that headlights pro- 
vide safer and pleasanter driving conditions than can 
be furnished by highway lighting is an emphatically 
mistaken one and can be held only by citizens that 
never have seen a properly designed highway light- 
ing installation. There are in the United States a 
number of so-called highway lighting systems; but 


Figs. 1 and 2. Visibility as provided by highway lighting (left) and by automobile headlights (right) when pavement 
is wet, with pedestrian at a distance of 100 feet; note brick 
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Figs. 3and 4. Visibility as provided by highway lighting (left) and by automobile headlights (right) when pavement 
is wet, with pedestrian at a distance of 200 feet; note brick 


with few exceptions, these installations, covering 
short stretches of roadway, are compromises between 
good engineering practice, local conditions, and avail- 
able funds. Such compromises have done more harm 
than good to the cause of highway lighting. 

A few examples of properly designed highway 
lighting systems are scattered about the country, 
but it is doubtful whether these examples, if placed 
in a continuous line, would extend more than 30 
miles. In other words, these installations are too 
limited in extent for the automobile driver thoroughly 
to appreciate their advantages. He has passed 
through the well lighted zone before his eyes have 
adapted themselves to the higher level of illumina- 
tion. 

Furthermore, the use of automobile headlights is 
not only ineffective in practice, but it is scientifically 
incorrect—a condition readily understood from a 
study of the methods by which objects on the highway 
are discerned at night. To a large extent, past ex- 
perience has been confined to the field of urban 
street lighting where, with the exception of residen- 
tial areas, illumination levels have been higher than 
are economically possible with highway lighting. 
Under these conditions, objects usually are ‘“‘seen’’ 
by light falling on the object and thence reflected to 
the eyes of the observer, forming on the retina an 
image of the object exactly as such image would be 
formed on the ground glass screen of a camera. 
This is technically known as “‘discernment by surface 
detail.” 

In interurban highway lighting, where safety is 
the governing factor and ability to see and recognize 
obstructions on the road depends not on intensity of 
illumination, but on contrast, lower levels of illumina- 
tion are permissible. This calls for a different 
method of discernment and the presence of an object 
on a well designed highway lighting system is dis- 
cerned as a dark silhouette against the brighter back- 
ground of the road surface. This is known tech- 
nically as “discernment by silhouette.”’ 

When the pavement is concrete and dry the most 
modern type of automobile headlights furnish an 
approximation to safe and pleasant driving condi- 
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tions, except for the blinding effect of oncoming 
headlights. 

When the pavement is wet, however, its reflection 
characteristics are profoundly altered. Instead of 
diffusely reflecting the light in all directions, like 
white blotting paper, it reflects the light specularly, 
like a mirror. As a result, the light from an auto- 
mobile headlamp is reflected in a direction away 
from the driver and, so far as the driver is concerned, 
produces no pavement brightness against which an 
object might be silhouetted. Objects on such wet 
pavement are seen only by the light they reflect back 
into the driver’s eye and, since such objects are pre- 
dominantly dark in color, their visibility is low. 

Driving over wet pavements with no other light 
than that afforded by automobile headlights is in- 
herently dangerous at speeds exceeding 30 miles an 
hour. A well designed highway lighting system, 
however, provides a bright pavement surface against 
which objects are clearly visible in silhouette equally 
well with wet pavements as with dry. 

It will be noted that on a wet night headlights 
afford safe driving conditions if speeds are relatively 
low. On dry nights headlights afford safe driving 
conditions if the speeds are moderate and there are no 
approaching headlights, or if the speeds are low and 
there are approaching headlights. Experience has 
established conclusively that it is impossible to en- 
force speeds within the limits set by visibility condi- 
tions associated with automobile headlights. Under 
a proper system of highway lighting, however, the 
safety of night driving, regardless of speed, is as great 
as that by day. i 

The accompanying illustrations, reproduced from 
photographs taken on a wet night at a model high- 
way lighting installation, illustrate the relationship 
between headlighting and highway lighting. A 
pedestrian in dark clothes and a brick 10 feet in 
front of him furnish the objects to be seen. 

The headlights employed when these photographs 
were taken were of one of the best types of modern 
headlights and were in perfect adjustment for driv- 
ing beam. The exposures and all photographical 
conditions were identical in all photographs. There 
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has been no retouching or other photographic 
manipulation, and the pictures correctly represent 
the visual conditions for a person of normal vision. 

The highway lighting system used in these photo- 
graphs is located at Pompton Lakes, N. J., installed 
through the co-operation of Westinghouse engineers 
and the Jersey Central Power and Light Company 
as a laboratory in which to study highway lighting 
under varying weather and other conditions. The 
roadway is dark bituminous macadam, and at the 
time these photographs were taken the pavement was 
wet. The lamps are of the 6,000-lumen sodium-vapor 
type, mounted in “butterfly” luminaires, spaced 240 
feet apart, and suspended 30 feet above the pave- 
ment, 14 feet from the edge, on one side of the high- 
way. 

In figures 1 and 2 the pedestrian is 100 feet in 
front of the car. When figure 1 was taken the head- 
lights of the car were turned out and the highway 
lights were on. In figure 2, the highway lights were 
turned out and the headlights turned on. Figures 
3 and 4 were taken with pedestrian at 200 feet under 
the same conditions, and figures 5 and 6 with the 
pedestrian 400 feet distant. The difference in 
visibility of the objects is evident and the ineffective- 


neered by county or township. Obviously, it 
would be difficult to design a uniform system extend- 
ing from state line to state line if the responsibility 
for financing the service were divided between the 
various authorities along the highway. 

With the responsibility for highway lighting vested 
in the states, financing of highway lighting service 
ceases to be a problem because it can be financed ade- 
quately through gasoline taxation. According to a 
recent statement before the American Bankers As- 
sociation, automobile taxes in the form of license 
fees, gasoline taxes, and taxes on automobiles as 
personal property, totaled in 1934 more than $1,- 
200,000,000—a sum slightly in excess of the price 
received by the automobile manufacturers for the 
cars they sold their dealers in the same period. 
From this it is evident that ample funds to finance 
highway lighting service throughout the United 
States are available through existing taxation in 
surpluses which now, with doubtful legality, often 
are diverted to other than highway purposes. The 
driving public, which apparently painlessly sub- 
scribes these huge sums, is entitled to the protection 
afforded by highway lighting; but so long as the pub- 
lic fails to recognize the relationship between dark- 


Figs. 5 and 6. Visibility as provided by highway lighting (left) and by automobile headlights (right) when pavement 
is wet, with pedestrian at a distance of 400 feet; note that with highway lighting the brick is visible 


ness of the headlights is beyond question. Thus, 
on a wet night, when traction is at its worst, auto- 
mobile headlights will not reveal an obstruction on 
the highway in time for the driver to avoid a colli- 
sion, while the highway lighting system provides 
adequate visibility. 


STATES RESPONSIBLE 


A highway lighting system, to be effective, not 
only must be designed scientifically, but also must 
extend for a long distance and possess the same 
quality of illumination throughout its entire length, 
although not necessarily the same type of equip- 
ment. These conditions definitely assign highway 
lighting as a state function and not one to be engi- 
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ness and death, the time of adequate highway light- 
ing will be slow in coming. 

The simple fact that state appropriations for 
grade crossing elimination are tremendous, while 
highway lighting goes begging, is ample proof that 
the public is not fully aware of the true solution. 

New York State, for example, in response to public 
demand, authorized a bond issue of $300,000,000 
for the elimination of grade crossings; and yet 
grade crossings in New York State were responsible 
for only 151 deaths in 1934, and only 1,440 deaths 
in the entire United States are ascribed to grade 
crossings in 1935. In the same period, 21,480 per- 
sons were killed by automobiles during the hours 
of darkness and only 14,600 were killed during day- 
light hours. 
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In the final analysis, it does seem deplorable 
that darkness and death should occupy the high- 
ways when the taxpayer can counteract them by 
insisting that all motor taxes be allocated to highway 
improvement and safety. 


CONCLUSION 


The comparatively recent compilation by the 
insurance companies of authentic data on night 
traffic accidents, the introduction of the gaseous 
conduction lamp as a light source for highway il- 
lumination, and the fact that there are large sur- 
pluses in funds collected from gasoline taxation 
that might be used for highway lighting service, 
presents highway illumination as an urgent major 
problem. 

The facts of the situation are ably presented in an 
article! published in Electrical World on September 
28, 1935, and in the conclusion established that the 
power companies have a public responsibility and a 


Porcelain for High 
Voltage Insulators 


In this paper the mechanical failure of 
porcelain is discussed with special refer- 
ence to 3 seldom recognized character- 
istics: the effect of the porcelain surface 
on the strength, the apparent anomalous 
distribution of individual mechanical test 
values, and the effect of time on mechanical 
strength. A method of evaluating the re- 
sult of these factors on electrical insulator’ 
performance is suggested. 
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| ee CAN BE little argument as 
to what mechanical characteristics are desirable in 
high voltage insulators, but the factors which con- 
tribute to such characteristics are concealed, more 
often than not, by an extraordinary amount of 
sophistic data. Modern high voltage insulators on 
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moral obligation to do something about it. | 

Reprints of the article were sent to prominent - 
executives of the power companies asking for an\ 
expression of their attitude and company policy. . 
Extracts from the replies were published’ in Elec-- 
cal World on March 14, 1936. These letters indi- - 
cate marked differences in opinion on policy but: 
“the majority are for action and agree that the: 
power industry has a definite responsibility to push , 
forward the wider use of modern lighting to reduce 
the present appalling loss through death in the night » 
ndew 
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the average have improved enormously in the past 
decade. This improvement has been brought about 
in most cases by expensive and tedious cut and try : 
tests conducted on assembled insulators. The pro- 
cedure has been to assume that certain features of 
the completed units such as mechanical strength, 
ability to withstand immersion first in boiling water 
and then in ice water, imperviousness to moisture, 
and other qualities would insure insulators capable 
of standing up in service, which, after all, is the only 
real criterion of insulator worth. Finally specifica- 
tions such as the A.I.E.E. Standards No. 41 for the 
testing of high voltage insulators were evolved and 
it may here be stated, unequivocally, that insulators 
which will successfully pass these specifications will 
give an unusually good account of themselves in the 
field. However, just because 2 groups of insulators 
of different manufacture successfully pass a certain 
specification it cannot be assumed that their mainte- 
nance cost in the field will be the same. How will 
they stand up under mechanical shock such as the 
impact from stones or bullets? What effect will time 
under load have upon their life? What is the maxi- 
mum load that they will withstand? Is actual 
experience over a period of years the only way to find 
out? ‘The purpose of this discussion is to provide 
engineers with a greater insight into some of the 
more recently investigated and rather peculiar 
mechanical characteristics of ceramic materials 
with the hope that an understanding of this work 
will help them to answer these questions and to 
point out that some of the characteristics which have 
been viewed with alarm by the uninitiated are really 
a true part of the whole scheme while other factors 
which have been unknown, or neglected, have been 
of major importance. A realization of this is bound 
to lead to still greater efficiency of systems dependent 
on the insulating qualities of such materials. 
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THE FAILURE OF NONDUCTILE MATERIALS 


' Ceramic materials are nonductile and as such they 
behave in certain ways peculiar to such materials. 
In addition they reserve for themselves other indi- 
vidual characteristics which it is important to under- 
stand in order to make use of them in the most effi- 
cient manner. Cast iron, among the metals, comes 
closely enough to this class of materials in some 
respects so that a limited analogy may be drawn be- 
tween them. A few of the elementary facts regard- 
ing cast iron may be considered. First of all, when 
it is pulled in tension its yield point and point of 
failure are practically coincident. It does not neck 
down before failure but breaks off squarely. 

If cast iron tests rods as shown in figure la are 
pulled they will break at the abrupt change in section 
cc because the tension is concentrated in the cross 
section adjacent to the sharp corner. If, however, 
the material is ductile, necking will take place before 
failure and as the thick section to the left of cc 
will tend to prevent necking it will considerably 
strengthen the section to the right of cc. To ob- 
tain the greatest strength from nonductile materi- 
als sudden changes in section must be avoided and 
tension specimens should be shaped as in figure 10. 
_ The point to be emphasized between cast iron on 
the one hand and ductile material on the other is that 
the former will break suddenly as shown in figure 2a 
while the latter will first neck down and then break 
as shown in figure 20. 


EFFECT OF SURFACE CONDITIONS 
ON MECHANICAL STRENGTH 


All this is well known to most engineers, but 
probably few of them realize the effect which surface 
characteristics exert upon the strength of such ma- 
terials. Itis a fact that polishing the surface of cast 
iron test specimens will considerably influence their 
strength and the phenomenon is, in general, more 
pronounced the less ductile the material. 


MECHANICAL FAILURE OF CERAMIC MATERIALS 


The complete absence of ductility in ceramic ma- 
terials means first of all that strength is to a great 
extent dependent upon surface conditions. In order 
to cut glass the surface is scratched, then it is tapped, 
and a crack goes through to the other surface from 
the bottom of the scratch. Porcelain, glass, and all 
other nonductile materials have somewhat this same 
characteristic to a greater or lesser degree. Failures 
start at the surface with an infinitesimal crack and 
proceed progressively through the body of the ma- 
terial until they reach another exterior surface. 

If a porcelain test rod is subjected to a transverse 
load as in figure 3a it is obvious that the lower sur- 
face of the rod will be thrown into tension while the 
upper surface is compressed. The tensile strength 
of porcelain is much lower than the so-called com- 
pressive strength, which will be discussed later on, 
so that at the bottom of some slight indentation, 
where the stress is greatest, a tiny crack will occur at 
some value in the loading. When this happens a 
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condition exists such as shown in figure 3b. A sharp 
crack projects into the porcelain. Because of the 
nonductility of the porcelain the angle at the crack 
remains acute and the stress approaches infinity in 
the minute localized zone at the apex of the crack. 
Thus the porcelain breaks down progressively fiber 
by fiber until the piece is broken. On the contrary, 
if the rod is made of a ductile material and for some 
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(a) ~() 


Fig. 2. Comparison of breaks 
in tension of nonductile and 
ductile materials 


Fig. 1. 


Effect of shape on 
nonductile specimens in ten- 
sion 


reason a crack occurs on the tension side as shown in 
figure 3c the ductility of the material allows the 
crack to widen and smooth out as shown by the 
dotted line, and this avoids a progressive breakdown. 


UNGLAZED PORCELAIN 


Unglazed porcelain necessarily has a slightly rough 
surface from the aggregate of ground silicon dioxide 
which it contains. The microscopic pits (figure 4a) 
in the surface offer focal points for incipient cracks. 
The fact that the surface of the materia] is one of the 
governing factors from the point of view of mechani- 
cal strength can be shown easily by giving a group of 
specimens a coat of varnish which smooths the sur- 
face as in figure 4b. Strange as it may seem this 
thin coat of varnish wil] raise the modulus of rupture 
of one inch rods from 10 to 15 per cent. 


GLAZED PORCELAIN 


Because of the slight roughness of unglazed porce- 
lain it is the practice to cover the surface with a 
glaze, as it is known to the pottery industry. Glaze 
has a composition close to that of porcelain but with 
additional fluxes which give it a melting point lower 
than that of the porcelain. At the firing temperature 
it flows over the surface in the molten state and on 
cooling creates a smooth glossy surface which pre- 
vents the adherence of dirt. From what has been 
said before it is obvious that this alteration of the 
surface must have an effect upon the physical 
strength of the porcelain. First of all the glaze 
smooths over the slight surface roughnesses. In 
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addition it forms a 2 ply structure made up of the 
glaze and the porcelain fused together. The glaze 
is only 0.005 inch thick, but it must be remembered 
that it is in a critical position so far as the breaking 
of the porcelain is concerned. All cracks must start 
at the surface and therefore the glaze must be the 
first to fail. 

In addition to the smoothness created by the glaze 
and its effect on the mechanical strength, there is 
another factor which is vastly important. One 
aspect of what takes place when a piece of glazed 
porcelain is fired may be considered. As has been 
stated the glaze has a melting point considerably 
lower than that of the porcelain, and melts down and 
smooths out forming a thin film while the porcelain 
is in a slightly soft state. Soon after this condition 
is reached the temperature is reduced and the ware 
starts to cool and harden. At some point in this 
cooling process the porcelain and glaze assume, in a 
large measure, the physical characteristics which 
they have at ordinary temperatures. From there on 
as the material cools each part will shrink in accord- 
ance with its coefficient of expansion provided, of 
course, that no strains are set up through the struc- 
ture. If the glaze has a greater coefficient of expan- 
sion than the porcelain it will try to shrink more than 
the porcelain body will allow and in doing so will put 
itself under a tensional stress. In fact it may be 
strained to the breaking point and show fine cracks 
or craze marks on the surface. Nearly everyone 
has seen these surface cracks on old sanitary ware. 
Frequently, however, the glaze may be under con- 
siderable stress but short of its yield point. Some- 
times a piece of ware just out of the kiln may appear 
to be perfect but it will craze after a short period of 
time as a result of slight thermal or mechanical 
shocks. 

Conversely, if the glaze has a lower coefficient of 
expansion than the porcelain the latter tends to 
shrink on cooling more than the glaze, but the glaze 
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TENSION TENSION 


Fig. 3. Behavior of cracks in nonductile and ductile 
materials in tension 


must come along with the great mass of porcelain so 
that at ordinary temperature the glaze has been 
pushed together and is in compression. 


GLAZE IN TENSION OR COMPRESSION 


In figure 5A is shown a transverse test specimen on 
supports ready to be subjected to a load. The out- 
side surface is shown slightly shaded to represent an 
initial tension due to those factors which have just 
been described. Since action and reaction are 
equal and opposite the tension in the glaze must be 
balanced by slight compression in the porcelain. 
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Now if a load is applied to the rod the zone above the: 
neutral axis of the specimen is placed in compression: 
while that below is placed in tension. In accordance: 
with established beam theory the maximum stress: 
in the bar induced by the load will be in the outermost! 
fibers of the piece or in other words in the glaze.. 
This stress on the underside will be added to thatt 
which is already present and if the load is greatt 
enough the glaze will fail (figure 5B) and a progressive: 
crack will pass through the specimen at high ve-- 
locity. 

Where the glaze is in compression (figure 5a) and! 
a load is placed on the rod (figure 50) the tensile: 
stress developed in the glaze will be that due to the: 
load minus the initial compressive stress and so the; 
load must be considerably greater than in the first! 
case in order to start an incipient failure as indicated | 
in figure 5c. 


EFFECT OF COMPRESSIVE STRESS 


A question may arise regarding the effect of the: 
compression components on mechanical failure. 
The apparent compressive strength of glass or porce-- 
lain is on the order of 8 times that of the apparent! 
tensile strength. It may be stated here, categori-: 
cally, that when such materials are placed under’ 
compression the initial failure occurs due to a con-. 
comitant tensile stress set up by the compression} 
load. F. W. Preston! ably sums up this character- 
istic in the following words which pertain to glass 


Fig. 4. | Un- 
glazed porce- 
lain (a) and 
the effect of & = 
varnish (b) (a) 


but which are in a large measure applicable to all 
nonductile materials: 


“From what has been said before, it will be clear that the term 
‘compressive strength of glass’ is a rather meaningless term. Com- 


' pression tests may be made under strictly defined conditions, but 


up to date those conditions have not been defined. The failure of 
glass, when it occurs, will be due to minor tensile stresses developed 
incidentally ‘and so to speak, accidentally,’ and their amount de- 
pends, in general, on rather subtle factors, and on things that are 
difficult to specify or control accurately. From a practical point of 
view, the compressive strength of a glass may be almost anything. 
From a theoretical point of view it is infinite.’ 


METHOD OF DETERMINING THE STRESS IN A GLAZE 


It would be fair to ask the question, ‘How is it 
possible to tell whether the glaze is in compression or 
tension?”’ One of the most obvious methods would 
be to make up specimens of glaze and porcelain and 
measure the coefficient of expansion of each one 
separately by some suitable means. This method, 
however, does not work very well because when the 
ware is fired there is an interchange of ingredients 
between the glaze and porcelain while they are in the 
molten state and this alters the chemical make-up of 
the glaze and the adjacent porcelain. 

A better method is that shown in figure 6. Sup- 


ELECTRICAL ENGINEERING 


pose a thin slab is cut from the porcelain in such a 


_way that the glaze forms one surface and the porce- 


lain the opposite one. Such slabs should be about 


1/15 inch thick and 5 inches long and perhaps 1/2 inch 


wide. 


To all intents and purposes they resemble 
the familiar bimetallic strips used for thermostats 


i except that in this case the materials are nonmetallic. 
If it is supposed that the glaze and porcelain are split 
apart into 2 separate strips as shown in figure 6a and 


that the 2 strips are heated by some convenient 
means, then, if the coefficient of expansion of the 
glaze is greater than that of the porcelain the strips 
will assume some such position as that shown by 
the dotted sections. If it is imagined that the strips 
are again fused together and heated it is evident that 
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Fig. 5. Comparison of strengths of glazes initially 
in tension and initially in compression 


the strip would bend as shown in figure 6). If the 
converse is true and the porcelain coefficient is 
greater than that of the glaze, then under similar 
conditions the results will be as in parts c and d of 
the figure. This method gives a qualitative result 
as to the relative coefficients of expansion of the 
glaze and porcelain. 

If it is desired to obtain a quantitative number for 
the differential coefficient of expansion of the glaze 
and porcelain the technique involved becomes 
somewhat more complicated. The method used in 
this work was briefly this: Strips of porcelain and 
glaze were cut to fixed dimensions and heated to 
400 degrees Fahrenheit. The movement which took 
place at the end of the strips was measured in thou- 
sandths of an inch and designated as (+) when the 
glaze had a smaller coefficient of expansion than the 
porcelain and (—) when the opposite condition pre- 
vailed. Thus a glaze designated as +8 would be 
under approximately twice as much compression as 
one designated as. +4. Conversely, —8 would 
signify tension in the glaze. 


MECHANICAL STRENGTH OF 
DIFFERENT PORCELAINS AND GLAZES 


The mechanical strength of porcelain with its glaze 
in various stages of compression and tension can now 
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be considered. Table I shows strength values ob- 
tained by breaking !/, inch rods transversely on sup- 
ports 4 inches apart. The average modulus of rup- 
ture of rods with the glaze under strong compression 
and tension are shown and also the strengths of un- 
glazed porcelain together with several intermediate 


Table I—Moduli of Rupture of 1/2 Inch Rods Broken 
Transversely on Supports 4 Inches Apart 


Glaze Glaze 
—2 —8 


Glaze 
—1 


Glaze Glaze 


+8 +1 Glass 


Unglazed 


High value.....12,900...20,950...15,500. ..12,340...11,100.. 5,380. . . 18,950 
Low value..... .. 12,850... 6,000... 4,470... 4,230...3,075... 7,660 
..17,250...10,450... 9,100... 8,300...4,550...14,060 


Load application 988 pounds per square inch per second in modulus of rupture. 
All values in pounds per square inch. 


glazes. The numbers and signs at the tops of columns 
indicate the amount of initial compression or tension. 

It must be conceded that any factor which can 
influence the strengths of test specimens by 300 or 
400 per cent is something that must be considered 
when manufacturing high voltage insulators. Not 
only does the glaze influence the strength of porcelain 
under mechanical load but it may also add materially 
to the ability of the porcelain to withstand sudden 
thermal changes. Many theories have been ad- 
vanced from time to time to explain the failure of 
certain insulators after a length of time in the field. 
The electrical failures in nearly all cases are preceded 
by mechanical cracks which start at the surface of 
the porcelain. It is believed that the evidence here 
presented is of sufficient weight to support another 
theory. Briefly it may be stated as follows: The 
mechanical cracking of porcelain, other things being 
equal, is caused by its surface characteristics and 
much of the deterioration of insulators in service is 
the result of an improper realization of the impor- 
tance and adequate control of this factor. 


PRACTICAL APPLICATION OF THE GLAZE PRINCIPLE 


It might be interesting to touch briefly on some of 
the practical applications of what has already been 
discussed. Figure 7 shows the cross sections and 
silhouettes of 2 cement grips, A and B the ordinary 
type and a and 0 the effect of the reglazing process 
which consists of coating the porcelain surface, 
which is to be gripped by the cement, with a special 
+8 glaze, applying a layer of sized porcelain parti- 
cles, and subsequently spraying or dipping a second- 
ary coat of special +8 glaze over the particles. 
When insulators thus treated are fired the porcelain 
particles are completely covered with a glaze which is 
in compression and no sharp crevices exist between 
the particles to start progressive failure. 

The effect which this treatment has upon the 
strength of the insulators is shown clearly in figure 8, 
which gives the results of a duration load test made 
on 16 insulators half of which were treated while the 
other half were made in the ordinary manner. The 
load on the units was started at 10,000 pounds and 
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plotting these curves was to indicate values of moduli i 
of rupture along the abscissa and then to plot the: 
percentage of the total number of rods which broke: 
between fixed intervals along the abscissa as ordi-- 
nates. The resulting curves are somewhat similar to) 
sine curves and give a clear picture of the strength | 
values which may be expected from a group of speci- - 
mens. Relatively few specimens of glass were: 
broken so that it was not feasible to plot a distribu- » 
tion curve, but it is evident from the high, low, and | 
average values obtained from the small number of” 


increased 1,000 pounds per day. The units were 
tested daily and figure 8 shows the loads at which 
they failed, the S points representing untreated units 
and the R points treated units. Also, a comparison 
between the low values is given. Pei. 

Figure 9 shows a machine in which insulators can 
be placed to determine their ability to withstand 
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PORCELAIN PORCELAIN tests that its spread would have been greater than 
(a) (b) that of either of the porcelain curves. 
The tests on the glass rods were introduced as | 
GLAZE (+) GLAZE (+) check tests to answer any arguments which might ! 
Si Gy) be advanced that the reason for variations in the 
oeea ——_—_____¥ strength of ceramic materials lies in hidden flaws. 
PORCELAIN PORCELAIN 


(c) (d) 


Fig. 6. Qualitative method of determining relative 
coefficients of expansion of porcelain and glaze 


impact. The units are mounted as shown and given 
a blow on their outer edge by means of the pendulum. 
It must be apparent that other things being equal 
the ability of insulators to withstand such blows is 
some measure of the amount of breakage that will 
occur in service due to stone throwing or bullets. 
The effect that glaze has upon this ability is shown in 
figure 10. The white insulators were coated with a 
—8 glaze and the brown with a +8 glaze and 
each unit was then subjected to a single blow of 
exactly the same amount. The results are self- 
evident. It must be emphasized here that the color 
of the glaze has nothing to do with its mechanical 
characteristics aid that the white color used here 
was to prevent any chance of weak insulators getting 
into the factory stock. 


VARIATION IN MECHANICAL STRENGTH 
OF CERAMIC MATERIAL 


The second important characteristic of ceramic 
materials and one which from time to time is the 
cause of considerable worry to the purchasers of 
insulators is the variation of mechanical strength 
between seemingly identical specimens. Such varia- 
tions, while they may appear to be entirely anoma- 
lous to the uninitiated, are in reality predictable and 
form a part of the complete scheme of things. It is 
proposed here to give data pertaining to this subject 
in an effort to throw some light on the strength 
variations of insulators and to show that in properly 
manufactured insulators it is not an unknown but a 
known quantity and that by itself it cannot be used 
as a criterion of insulator quality. 

Table I gives the high, low, and average moduli of 
rupture obtained by breaking a number of test rods. 
In the case of the +8 glazed and unglazed porcelain 
a large number of specimens were broken so that it 
was possible to get a good idea of the distribution of 
individual values which fell between the low and high 
values. Figure 11 shows distribution curves plotted 
for these 2 types of porcelain. ‘Ihe method used in 
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Glass, being transparent, can be examined readily 
for flaws which in opaque materials cannot be so 
detected. The glass used was specially selected, 
homogeneous, smooth, and free from strains, and the 
results obtained indicate by comparison that the 
presence of flaws, strains or other concealed defects 
are not necessary to explain the variation in the 


Fig. 7.  Silhou- 
ettes of ordinary 
and specially 
glazed porcelain 


a = oe a 


(8) (6) 


individual test values of the porcelain specimens, 
but are the outcome of inherent properties of the 
material. 


BEHAVIOR OF INSULATORS 
- MapE FrRomM DIFFERENT MATERIALS 


If the characteristics of insulators made from these 
3 materials are now considered it is possible to 
arrive at a few conclusions regarding their behavior. 

Before proceeding, the statement made by F. W. 
Preston, quoted earlier in this paper, regarding the 
mechanics of failure of glass under load should 
again be called to mind. Briefly it was to the 
effect that regardless of how glass is loaded the initial 
failure develops as the result of an incidental tensile 
stress developed somewhere on the surface. It is 
believed that this theory applies to porcelain and to 
many other nonductile materials. Certainly all the 
available experimental data seem to support it and 
in the development which follows it will be con- 
sidered as axiomatic. Having accepted this, it is 
permissible to go one step further and to say that 
since all failures start at the surface of porcelain, or 
glass, it may be assumed, other things being equal, 
that the modulus of rupture of the material is a fair 
criterion of its ability to withstand any type of load- 
ing. This follows because the modulus of rupture is 
the calculated tensile stress in the outermost fibers 


ELECTRICAL ENGINEERING 


& 

of the test specimen at the instant of failure. In 
other words, it is a measure of the surface strength of 
the material and since we have assumed that this is 
the controlling factor governing the insulator 
Strength it is possible to draw conclusions regarding 
the characteristic of insulators by considering the 
results obtained from laboratory specimens. 

It is evident that for the same size and general 
construction insulators made with the material 
having the highest average modulus of rupture will 
have the highest average strength. This, of course, 
assumes that the surface of the insulators in the zone 
where the maximum surface tension is induced by 
the external stress is of the same nature as the labora- 
tory specimens. By the same reasoning it may be 
concluded that the porcelain which shows the 
narrowest distribution curve on laboratory samples 
will when made into insulators show the greatest 
uniformity in strength values when tested at the same 
loading rate. Every type of material has its own 
particularly shaped distribution curve to which it 
will always adhere. Porcelain is no exception to 
this rule. 

Since porcelain has such a strength distribution 
curve it at once removes the low and high test values 
obtained on insulators from the realm of unknown 
quantities. If the porcelain test rods have breaking 
strengths which vary in a certain way it is perfectly 


POUNDS 


TENSION, 


DAYS 


Fig. 8. Results of duration load test on porcelain 
insalators, showing effect of glazing treatment 


S—Untreated, low value 14,000 pounds 
R—Treated, low value 18,000 pounds 


reasonable to suppose that insulators built of this 
same material will vary at least as much as the 
porcelain, and, if the assembly methods vary, a 
little bit more depending upon the manufacturing 
control. All this, of course, presupposes that the 
insulator design is such that under a mechanical load 
the porcelain is the first part to fail which is generally 
true. Now in order to find the possible low test 
value that would be obtained from a large quantity 
of insulators it is necessary only to find their average 
strength and to multiply this average by the ratio 
obtained by dividing the lowest rod value by the 
average rod value, or to obtain the maximum test 
figure to multiply by the ratio of the maximum rod 
value divided by the average. Since the testing of 
10 insulators will give a figure very close to the true 
average it is apparent that this method of predicting 
the possible low and high test values of insulators is 
a very valuable tool to work with. In what follows 
the ratio of the low to the average values of test 


June 1936 


specimens will be referred to as the distribution 
factor F. 

For glazed porcelain, based on 420 specimens, F is 
0.74. These results were obtained at a rate of load- 
ing of 988 pounds per square inch per second in 
modulus of rupture and it would be natural to ask 
whether or not this ratio changes materially with 
different rates of load application. Table II shows F 
calculated for different loading rates. For compari- 
son these factors were determined for 2 ceramic ma- 
terials. At all but the fastest rate the data are 
obviously insufficient to establish fixed conclusions 
because of the small number of specimens tested. 
There is, however, an indication that the reduction in 
strength under time loading affects the high, low, 
and average values by the same percentage. In the 
calculations which: follow the lowest values for F 
were taken for these 2 materials, 0.74 for material A, 
which is +8 glazed porcelain, and 0.54 for material 
B which is a ceramic material that has been advo- 
cated for making insulators. 

Considering now groups of insulators made from 
these materials, what are the minimum test values 
to be expected if a large group of each type is tested 
each having a known average quick pull value of 
15,000 pounds? Multiplying by their respective 
factors a possible low value is obtained for material A 
of 11,100 pounds and for material B of 8,100 pounds. 
A practical application of this is shown in table III, 
which gives a comparison of the predicted high and 
low values for porcelain insulators with the actual 
results obtained from testing 48 standard suspension 
units. It is indicated certainly by these results that 
if there are other variables, such as assembly differ- 
ences, they cannot in this case be a very large factor 
since the observed results are accounted for by the 
expected inherent variation in the porcelain strength. 


THE EFFECT OF TIME AND LOAD 
ON CERAMIC MATERIALS 


The third physical characteristic of porcelain to 
be discussed, is the effect of a duration load on me- 
chanical strength. So far the strength of nonductile 
materials under relatively quick load applications 
has been considered. What happens with the in- 


Fig. 9. Ma- 
chine for test- 
ing impact re- 
sistance of in- 
sulators 


623 


Low Transverse Walue to Average 
Transverse Value 


Table Il—Ratio of 


—— 


Rate of Loading Distribution Factor F 
in Modulus of 


Rupture, 


For Material A 


Pounds per Second +8 Glaze For Material B 
NOS ayo iia ls oieb 68s ONZE (420) io cciegctonses steeatancions 0.69 (21) 
Bi Tl no eae eee DD CilOecs coc soacdooons 0.59 (10) 
Ore so aise aoe amie ts O89" (LOY. ctogarteneteterstctercnee 0.69 (10) 
GSE pte ste vermtannteselene: site O::87°C LO) aa ete eantaote hanna cs 0.72 (10) 
(0). SOise eee Men eronenccsoeoceac 0.54 (10) 


Figures in parentheses indicate number of tests. 


troduction of a time factor? Unfortunately few 
data on the effect of time loading on the strength of 
nonductile materials have been published except by 
certain technologists in the glass industry. They 
have found that under long continued loads the 
strength of glass is materially reduced, not just 
perceptibly but a matter of from 30 to 60 per cent. 
It is reasonable to suppose that to some degree this 
characteristic is common to all similar materials. 

Porcelain insulators in service are subjected to 
continued loads of more or less severity for prolonged 
periods of time and certainly the load time factor is 
of major importance. 


Loap TESTING PROCEDURE 


In obtaining the present data the testing machine 
shown in figure 12 was devised. The test specimens 
used were 1/, inch round rods placed on supports in 
the machine 4 inches apart and subjected to a trans- 
verse load at their center imposed by a weight carried 
on the upper beam. The gearing actuating this 
weight was variabie so that it could be arranged to 
move the weight out quickly thus building up the 
load on the specimens at a rapid rate until failure, 
or the travel could be slowed down to the point 
where it required several days to break a rod. An 
automatic stop was provided to shut off the motor 
and apply a brake so that the breaking of the test 
rods and the recording of the strength values was 
automatic after each start. By running this ma- 


Fig.10. Com- 
parison of im- 
pact resistance 
of insulators 
with glazes in 


tension (left) 
and in com- 
pression 


(right) 


chine day and night considerable progress could b: 
made even when the loading was very slow. 

Figure 13 shows the results obtained on material 
A and B previously considered. The averag: 
strength values of 10 samples for each point reducee 
to moduli of rupture are the ordinates while th: 
abscissa values are plotted as the reciprocal of thi 
rate of loading in modulus of rupture in pounds pes 
square inch per second. Thus the further to thi 
right on the abscissa the slower the rate of loading 
Most of the loss in strength occurs with the first de: 
crease in the rate of loading and the curves ther 
flatten out. Probably the average load that thi 
materials would support indefinitely is that whic 
would be represented by the asymptotes of thi 
curves. In the case of material B it would be ap: 
proximately 60 per cent of the quick load averag¢ 
while the value for material A would be about 8% 
per cent. 

Although further data on this characteristic o: 
ceramic materials are desirable, the foregoing is 
sufficient to emphasize the importance of studying 
the time load characteristics of porcelain which is tc 
be subjected to continued loads. Certainly, other 
things being equal, the most desirable material to use 
in insulators is obviously the one which shows the 
lowest decrease in mechanical strength under a con: 
tinued load. 


PER CENT OF TOTAL 
SPECIMENS BROKEN 
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8,000 16,000 


Fig. 11. Distribution curves for failure of unglazed 
and glazed specimens 


INFLUENCE OF TIME ON SERVICE LIFE 


In the earlier part of this discussion a theoretica! 
method of arriving at the possible low strengtk 
values of insulators based on the strength of labora- 
tory specimens was presented. The conclusions 
arrived at were the result of quick loading tests 
Now it is possible to go a step further and to conside1 
the effect of time. It must be assumed that the 
decrease in strength shown in figure 13 is approxi: 
mately the lower limit and that the curves will now 
flatten out, and a further slowing up in the rate ot 
load application will result in no further decrease ir 
strength. For material B this load is about 40 pet 
cent less than that found for the quick loading. The 
figure representing material A is 20 per cent lower 
thus, the previously given possible low strengtt 
value for insulators if made of the particular materi 
als in question, must be multiplied by 0.6 and 0.5 
respectively. The figures thus obtained approacl 
very closely to the load which any number of thes 
insulators will sustain indefinitely without a single 
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failure. As the load is increased above this figure an 
increasingly larger percentage of units will fail, de- 
pending upon the strength distribution curve and 
‘time factor of the dielectric used in the units, 


PRACTICAL USE oF DATA 


Of what value to the engineer are these figures? 
Most of the suspension insulators in service are 
working at values far below the theoretical point at 
which the first failure will occur. Even if they were 
working at a point slightly above this figure the 
number of failures as indicated by the distribution 


‘Fig. 12. Machine for time load testing 


curve would be very few; thus, the data presented 
here may be of little practical value for the ordinary 
electrical porcelain installation. In recent years, 
however, the loading on the insulators has been 
increased in a number of cases. Certainly this is 
true for river crossings, radio work, and large switch 
insulator and bus support work. In arriving at a 
working load which a large number of such insulators 
will withstand indefinitely without the possibility of 
a failure the following expression may be used: 


Vige—VSquX Fox 


where 


Working load at which no failure will occur in any number of 
insulators 


~ 
I 


Sa = Average quick strength of insulators 
F = Distribution factor 
T = Time loading factor 


It should be borne in mind that the distribution 
factor and the time factor are 2 entirely separate and 
distinct entities, the former resulting from the in- 
herent spread in the strength values obtained from 
breaking identical test specimens and the latter 
resulting from the effect of the time of loading on the 
strength of the material. For insulators which 
average 15,000 pounds made from the materials 
upon which the previous data were based breaking 
loads are obtained as follows: 


15,000 X 0.74 X 0.8 8,900 pounds for material A 


Wt = 
15,000 X 0.54 X 0.6 = 4,860 pounds for material B 


Wi 


In certain installations where a large percentage of 
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ATERIAL B 


MODULUS OF RUPTURE ,POUNDS PER SQUARE INCH 


Fig. 13. Results obtained on time load tests; 

abscissa is the reciprocal of the rate of loading in 

pounds per square inch per second in modulus of 
rupture 


the load is not of a constant nature, but occurs only 
for brief intervals, such as in the case of short circuits, 
or during switch operation, the time factor T in the 
above equations may be omitted. 

Conversely, for a river crossing requiring insulators 
which must hold a constant 10,000 pound load the 
average strength is found as follows: 


10,000 = Sa X 0.74 X 0.8 

Sa = 16,900 pounds for material A 
10,000 = S4 X 0.54 X 0.6 

Sa = 30,800 pounds for material B 


Hence, for such work insulators made of the particu- 
lar materials in question should have these average 
strengths in a quick pull test. 

It is conceded readily that the above rules are not 
infallible and that certain minor factors have been 
neglected; also, the accuracy of the figures is limited 
to some extent by the relatively small number of 
specimens tested. Nevertheless, it is believed that 3 
of the basic factors affecting the life of ceramic 
insulators have been differentiated for the first time 
and an effort made to evaluate them in an orderly 
manner. 


SOURCES OF ERROR 


It is apparent that there are several possible 
sources of error in the calculations that have been 
given. In the first place, it must be assumed that 


Table Ill—Mechanical and Electrical Strength Walues on 


Suspension Insulators Obtained With A.I.E.E. Standard 
Loading Rate 


= = 


Predicted Values Using Rod 
Strengths With +8 Glaze. 


Actual Test Load Rate 988 Pounds 
Values, per Square Inch per Second 
48 Tests (Modulus of Rupture) 
AWOL ARE Niepnccr: ou eueusesrsi eye one 16,835 
Dobe Meer cece Omrro soo oder: PAD ALO): ot ee eee ots 20,450 
ToO Wie Hage swus) sila cuenenen tena tee MR OOO Meets oecckin. < miareelelts 12,450 


the material in the test specimens has the same 
mechanical characteristics as that in the insulators. 
Since ceramic inaterials may vary widely in strength 
and uniformity it is obvious that the values of the 
factors used in this paper cannot be applied indis- 
criminately to several classes of material; also, in 
some cases the number of specimens tested was in- 
adequate. Then too, the time loading factor may 
be found to be considerably lower when the loading is 
applied for a much longer time. Further research 
will be conducted to find this out. 

It is believed, however, that even with the possi- 


bilities of discrepancies as the result of these factors, . 


the conclusions drawn are surprisingly accurate for 
the dielectrics that have been dealt with. 


SUMMARY 


Based on the study reported in this paper, the 
following statements may be made: 


1. The present general method used for arriving at guaranteed 
mechanical values for insulators using ceramic dielectrics is in- 
sufficient. 


2. Porcelain is an ideal insulating medium when the factors affect- 
ing its physical characteristics are properly controlled. 


8. All indications point to surface strength as being of fundamental 
importance to the proper performance of an insulator dielectric. 


4. Even with perfect porcelain one must expect an inherent varia- 
tion in individual strength values when tests are conducted on a 
group of specimens. This is a characteristic of brittle nonductile 
materials. Since, regardless of the method of loading, the initial 
failure of a piece of this class of ceramic material is the result of a 
tension crack in the surface it is possible to predict the probable 
variations in quick strength of any insulator design by a simple 
calculation based upon the moduli of rupture obtained from a 
number of laboratory samples. 


5. Uniformity of test values is not, by itself, a criterion of good 
porcelain. 


6. Distribution curves of ultimate strength may be obtained by 
breaking a considerable number of test specimens and plotting the 
results so as to indicate the percentages of the total number which 
break within fixed limits. Since, regardless of the method of loading, 
the initial failure of a piece of glass or porcelain is caused by excessive 
localized tensile stress set up incidentally at some point in the sur- 
face, the distribution curves obtained from test specimens may be 
used to predict the range of strength values which may be expected 
from any insulator design. 


7. Tests made with variable speeds of load application indicate a 
considerable drop in strength as the loading rate is decreased. 


8. By evaluating the strength distribution factor and time factor a 
simple formula may be obtained for calculating safe insulator loads. 


9. The testing of relatively few specimens is a source of error in 
arriving at the correct values to be used in the formula. 


10. It is readily conceded that this work is not absolutely conclu- 
sive, but it is believed that for the first time the important factors 
which materially influence insulator life are evaluated and a simple 
method of approach outlined for the selection of insulators. 


11. Since ceramic materials vary widely in their characteristics the 


factor values here used are only applicable to the particular materials 
studied. 
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Circuit Breakers 


for Boulder Dam Line. 


The trend in recent years toward large con- 
centrations of electric power at important 
centers and the necessity for stable trans- 
mission over ever-increasing distances have 
resulted in a demand for high voltage switch- 
ing equipment with unusually short operat- 
ing time. This paper describes the develop- 
ment along conventional lines of a circuit 
breaker of the deionizing grid type capable 
of interrupting within 3 cycles a short circuit 
on a 287.5-kv 60-cycle line. 


By 
H. M. WILCOX W. M. LEEDS 
MEMBER A.I.E.E. ASSOCIATE A.1.E.E. 


Both of Westinghouse Electric and Mfg. Co., E. Pittsburgh, Pa. 


S OME YEARS AGO a paper! was 
presented describing a high speed circuit breaker for 
single-phase 11,000-volt 25-cycle railway service 
which was capable of detecting and interrupting a 
short circuit in 0.04 second. It was then stated 
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that application of such a breaker to high tension 
circuits, or to multiple-phase circuits of any voltage, 
presented problems requiring for their solution a very 
substantial amount of development work. In a 
later paper? discussing new developments in arc rup- 
ture it was mentioned that in the transmission class 
of voltages circuit interruption within 7 to 8 cycles 
(0.117 to 0.134 second) was then feasible, but it was 
intimated that material decreases in operating times 
below this point would entail further intensive de- 
velopment. The purpose of this paper is to present 
the results of such further development work, which 
now makes possible the application to multiple 
phase circuits in the upper range of transmission 
voltages of oil circuit breakers built along conven- 
tiona] lines with an operating time of 0.04 to 0.05 
second, substantially the same as times obtained on 
single phase circuits in the lower voltage range a few 
years ago. 


FUNDAMENTAL PRINCIPLES 
oF HiGH SPEED ARC RUPTURE 


These advances in the art of high speed arc rup- 
ture are the logical extension of those principles of 
rapid circuit interruption previously discussed’? and 
proved effective in more limited fields. Past expe- 
rience with high speed tripping and rapid accelera- 
tion of movable contact members proved applicable 
in securing the necessary prompt separation of con- 
tacts, although new problems were encountered in 
the form of larger masses to be accelerated, increased 
travel of contacts, and the applications to multiple 
phase service. Thus the principles inherent in the 
earlier structure became effective in the new applica- 
‘tion in securing the requisite mechanical time, which 
is that period of the circuit-interrupting operation 
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deionizing air circuit breaker plates with and without 
a shield 


extending from the start of rise of tripping current to 
the separation of the arc-drawing contacts and the 
initiation of the arc. 

To obtain a substantial reduction in the time re- 
quired for rupturing a high voltage arc, however, 
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necessitated the extension of former principles into 
newer fields. A review of some fundamentals of arc 
phenomena is essential to a clearer understanding of 
the problems involved. 

The interruption of a high voltage a-c arc is ac- 
complished by the action of a suitable medium, in 
this case oil, on the are path in such a way that the 
high conductivity of this space during the period in 
which current is flowing is transformed into an in- 


Fig. 2. Single pole of 
287.5 kv oil circuit 
breaker set up for test 


sulating medium of relatively high dielectric strength 
in the few microseconds necessary for voltage to build 
up across the space after a zero in the current wave. 
The greater the voltage available to break down this 
space the higher must be the dielectric strength, or 
the longer must be the path, if the arc is not to re- 
establish and current to flow again. There are vari- 
ous means for accomplishing this transformation 
from high conductivity to high dielectric strength, 
and the effectiveness of each may be measured by 
the maximum gradient in volts per inch which can be 
sustained across the arcing space. Given this meas- 
ure of effectiveness, it is obvious that the length to 
which an arc must be drawn before consistent ex- 
tinction can be assured is determined by the voltage 
available to break down the space; in other words, 
by the voltage to be interrupted. Although the 
interrupting effectiveness is modified somewhat by 
the recovery rate, or perhaps more correctly by the 
recovery time to reach the first voltage peak, it has 
been pointed out by Slepian’ that modern interrupt- 
ing devices capable of handling the highest available 
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recovery rates corresponding to recovery times of 50 
microseconds or less, are not particularly sensitive 
to fairly large changes in this recovery time. 

There have been many discussions of the theory of 
a-c are rupture in oil, and extensive research testing 
has developed a variety of arc rupturing devices, es- 
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Fig. 3. Triple latch high speed tripping mechanism, 
which releases the main breaker pull rod in less 
than a half cycle 


tablishing the several general design principles rec- 
ognized today. A comparison of the most effective 
of these interrupting devices discloses a feature com- 
mon to all, namely, the provision of some means for 
maintaining the most intimate contact possible be- 
tween the arc and the oil to bring about final extinc- 
tion. It is in the manner of providing such means 
that general design principles differ. In certain de- 
vices previously described®** it has proved effective 
to confine a portion of the oil in a relatively narrow 
slot as small as is practicable from other design con- 
siderations, and to move the main body of the arc 
into this confined slot by magnetic means as it is 
lengthened on the parting contacts, thus maintain- 
ing the necessary intimate contact between the arc 
and the oil and creating in the arc path a turbulent, 
gaseous medium capable of a high rate of deioniza- 
tion in the period immediately following a current 
zero. 

Experience in the lower range of voltages indicated 
that even though contact separations required for 
arc rupture were comparatively short, high speed 
operation was not to be obtained by waiting until 
this break distance was reached, and early high speed 
breakers in this class were provided with means for 
transferring the arc from the contacts on which it was 
drawn to adjacent diverging arcing horns. These 
devices were developed to the point of moving an 
arc on such horns at speeds which resulted in little 
or no burning,’ and extending it to a length suitable 
for extinction in appreciably less time than would be 
required to obtain the same amount of contact sepa- 
ration. The use of a magnetic blowout field in mov- 
ing the arc from the contact members to arcing horns 
has other advantages as well in high speed circuit 
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interruption. As the arc moves away from the con- - 
tact tips under the influence of the magnetic field, , 
the most highly ionized gas areas will move away’ 
with it, leaving a relatively cool un-ionized medium | 
in the contact gap. In fact, by proper attention to) 
details, some fresh oil may be moved into this gap by ° 
the time the arc, traveling on the diverging horns, , 
has reached a length suitable for extinction. Thus; 
it becomes possible to work at higher voltage gradi-. 
ents across the contact gap than those across the are ' 
path at its final current zero, and the arc may be ex- » 
tinguished while the contact gap is appreciably” 
shorter than would have been required had the arc | 
terminals been maintained on the contacts. 

Another advantage from the use of a magnetic | 
field is that once the arc is removed from the con- 
tacts, it may be manipulated almost at will to meet 
the requirements of a large variety of interrupting 
mediums. Thus, with a conventional design of 
contacts, the single are may be divided into a mul- 
tiplicity of short arcs as in the case of the deionizing 
air-break circuit breaker ;’ it may be passed in air into 
a narrow slot with walls of gas-evolving material ;* 
it may be moved into relatively open oil as in early 
high speed oil breakers;! or it may be driven into a 
relatively narrow oil-filled slot as in the deionizing 
grid type?® where the magnetic energy from the 
short-circuit current itself is utilized to force the are 
into intimate contact with the oil, acting not only to | 
lengthen the arc but to assist in the interrupting func- 
tion as well. 

Further development in arc phenomena has indi- 
cated, however, that there is a limit to the speed at 
which an are may be lengthened in this manner if the 
rate of dissipation of arc energy is to be maintained 
at a reasonably low level within a given interrupting 
unit. Furthermore, the rapidity with which contact 
separations required for high voltage interruption 
can be attained has definite mechanical limitations. 
It appears, then, that a point in high speed appli- 
cations at the higher voltages may be reached at 
which it becomes desirable to employ a larger number 
of breaks opening simultaneously, thus confining 
critical arc lengths per break within a practical range 
for high speed operation. With suitable shielding 
to divide the voltage evenly, the volts per break can 
be reduced roughly in proportion to the number of 
breaks employed. 


MULTIBREAK APPLICATION TO 
HiGH VOLTAGE OIL CrrcuIT BREAKERS 


The practical application of multibreak contacts 
to high voltage oil circuit breakers depends to a large 
degree on the division of voltage between the several 
breaks. This problem of voltage distribution or 
electrostatic balance is by no means a new one. In 
general it appears wherever a series of conductors 
insulated from one another is interposed between 2 
potentials. A problem in electrostatic shielding in- 
volving a stack of plates in the deionizing chamber of 
a circuit breaker was discussed some time ago.® 
The effectiveness of the method of solution is appar- 
ent from the voltage distribution curves reproduced 
in figure 1 for both shielded and unshielded condi- 
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tions which show that the end gap on the unshielded 
stack is subjected to 9 times the average voltage per 
gap, but when shielded the maximum gap potential is 
only a little over twice the mean value. The sub- 
ject was discussed again‘ in connection with conven- 
tional oil circuit breakers, and it was pointed out that 
even in a double break circuit breaker the division of 
voltage between the 2 breaks might be far from equal 
under certain circuit conditions; also that the re- 
sulting electrostatic distortion along the are path 
may diminish very greatly the gradient in volts per 
inch which can be sustained during the interrupting 
period. The opinion was expressed there that if the 
charged conducting parts of an open breaker are 
arranged so that the electrostatic field they produce 
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Fig. 5 (above). 
Five grid contact 
assembly with 

shield removed 


Fig. 4 (left). Con- 
tact assembly and 
shield for voltage 

distribution 


The main moving crossbar bridges a pair of these assem- 
blies in each pole and opens and closes 10 interrupting 
breaks simultaneously 


G—Moving contact 

H—Contact levers 

J—Foil layers 

K—Shield for voltage distribution 
L—Operating rod 

M—NMain crossbar 

N—Contact fingers 


A—Capacitor bushing 
B—Porcelain arc shield 
C—Aluminum shield 
D—Gas vents 
E—Accelerating springs 
F—Stationary contact 
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gives a uniform gradient along the arc path, then 
there will be no distortion of the voltage gradient in 
the arc stream during the extinction period, and there 
will be no lowering of the average volts per inch for 
the arc length which can be interrupted. 

As it is well known that the relative positions of 
the electrodes and the enclosing steel tank of the 
conventional oil circuit breaker do not in themselves 
produce an electrostatic field giving a uniform gradi- 
ent along the are path under the grounded short-cir- 
cuit conditions common in high voltage transmission 
service, it follows that some form of electrostatic 
balancing is necessary for multibreak circuit break- 
ers if the greatest effectiveness in volts interrupted 
per inch of break is to be obtained. ‘The obvious 
method of preventing distortion would seem to be 
the interposition of other electrically charged sur- 
faces in the electrostatic field in such manner as to 
neutralize the distorting effect of the tank on the con- 
tacts. One such arrangement consists of the pro- 
vision of capacitance connected in parallel with each 
break and of sufficiently greater magnitude than the 
capacitance between the contacts and the tank wall 
to be the controlling influence determining the volt- 
age across that break. This can be accomplished 
conveniently by the use of an electrostatic shield of 
high capacitance constructed by embedding layers of 
metal foil in some insulating material, this shield to 
be extended across the several breaks or across each 
group of breaks if they are arranged in more than one 
group. Theoretically it would seem desirable to tap 
the shield for a connection to each break but this was 
found unnecessary in practice, a single shield having 
given satisfactory distribution for as many as 5 
breaks in series with connections to the end breaks 
only. 

Factors other than voltage distribution should, 
however, be given careful consideration before a de- 
cision is reached as to the number of breaks to be 
employed in any high voltage circuit breaker. Prac- 
tically all 220 kv switching service in this country 
up to the present time has been done with conven- 
tional double break oil breakers and in recent years 
many breakers of this type using modern interrupting 
devices have been operating well within 8 cycles. A 
review of test data obtained from these breakers 
leads to the conclusion that, given the 8 cycle operat- 
ing time, modern arc rupturing devices are capable 
of extension to 287.5 kv service with the double 
break arrangement. Reduction of operating time 
to 3 cycles, however, requires consideration of 
whether additional breaks may not prove more ad- 
vantageous for such special applications. This 
problem in oil circuit breakers is quite different from 
that of the air break type® previously referred to, 
which is dependent for operation on dielectric es- 
tablished in a thin sheath at the cold cathodes of a 
multiplicity of short ares. These arcs are inter- 
rupted at a well defined voltage per gap capable of 
little or no increase, whatever the other characteris- 
tics, and the number of gaps used must, therefore, 
increase directly with the voltage to be interrupted 
regardless of contact speed or other considerations. 
As opposed to this, experience with oil breakers in- 
dicates the possiblity of designing arc-rupturing de- 


629 


vices with the 2 break arrangement capable of inter- 
rupting any voltage within the present service range 
by increasing the contact break in some ratio such as 
the 1/2 power of the voltage. If, then, additional 
breaks are to be used they must be justified by other 


Fig. 6. A group 
of fiber plates 
from one grid unit 


The slot is circular 
for compactness, and 
the oil pockets are 
staggered in succes- 
sive plates so as to 
obtain the maximum 
creepage distance in 
the slot at right 
angles to the plates 


requirements such as the need for higher speed of 
operation. 

In general it is to be expected that the minimum 
operating time will be obtained by the use of as many 
breaks as possible, and therefore consideration must 
be given to those factors which determine in prac- 
tice the most advantageous number of breaks. In 
the first place, tests indicate that after the arcing 
time has been reduced to about one cycle the use of 
additional breaks results in very little further reduc- 
tion in arcing time. Furthermore, the size of mecha- 
nism required to open simultaneously at high speed 
an unnecessarily large number of breaks would be 
out of all proportion to the rupturing capacity of the 
breaker. Other facts, however, also should be con- 
sidered. 

When several interrupting devices are placed in 
series and operated at voltages per break approach- 
ing the limit of their interrupting ability, certain ir- 
regularities in performance begin to appear. The 
flow of current may persist for one or more half 
cycles after the normal interrupting point has been 
reached, or there may be an occasional re-establish- 
ment of current flow after one or more half cycles of 
interruption which, although interrupted in turn, 
results in an increase in the time during which a 
faulty circuit may still be connected to the system. 
This tendency toward occasional longer operations 
in the region near the limit of voltage interrupting 
ability becomes more pronounced in devices designed 
to operate at voltages per inch of contact separation 
of 20,000 or more, but it evidently cannot be tol- 
erated when the allowable over-all operating time is 
3 cycles. The use of additional breaks beyond the 
minimum number indicated on the basis of single 
break tests may be desirable so that these variations 
in performance will tend to be eliminated not only 
because of the lower voltage per grid but also be- 
cause of the reduced burden shifted to the remain- 
ing breaks in the event of some one functioning im- 


properly. 


The actual determination of the number of breaks 
to be applied to any given breaker in high-speed 
high-voltage service then requires, first, a knowledge 
of the operating times required and whether or not 
they may be met economically with the conventional] 
double-break arrangement; second, a rather definite 
knowledge of the interrupting effectiveness of avail4 
able single break interrupting devices; third, a 
knowledge of the degree of uniformity obtainable in 
the distribution of voltage between the individual 


‘breaks under all conditions to be encountered in sery- 


ice; and fourth, a decision as to the factor of safety 
which is desired over and above actual service volt- 
ages. The minimum number of breaks necessary 
will be that giving consistent and reliable interrup- 
tion within the specified operating time limit up to 
the maximum voltage. It has been found that the 
results of investigations made in one type of breaker 
structure to determine the upper limit of interrupt- 
ing ability of a single break device may not always be 
capable of extrapolation directly to a number of 
these interrupters in series in some other breaker 
structure, but may require a reducing factor de- 
pendent on differences in heads of oil, relationship of 
various parts, and other characteristics of the 2: 
structures. The number of breaks actually used for: 
any given application will depend on the weight 


Fig. 7. Single grid unit from a 5 break assembly 


The fiber plates have been cut away to show the position of 
the arcing horns relative to the moving and stationary contacts 


given these various factors by the designer and the 
characteristics of the interrupting device used. 

One advantage of the use of several breaks in high 
voltage breakers should be noted although it has no 
influence in deciding the proper number of breaks to 
be used for a given application, nor does it affect the 
rupturing performance of the breaker. This advan- 
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tage lies in the testing possibilities arising from the 
increased number of breaks. Even though labora- 
tory testing facilities have been increased by the addi- 
tion of relatively large generator and transformer 
units in recent years, the rated interrupting capaci- 
ties of the larger high voltage breakers are still con- 
siderably beyond the ability of any testing labora- 
tory to prove by direct tests at rated current and 
voltage. Accordingly it has become general prac- 
tice to demonstrate the rupturing capacity of such 
breakers by testing a single pole unit, first, at the 
highest voltage available, 87 per cent of line-to-line 
voltage if possible, with whatever current may be 
available at that voltage and, second, with currents up 
to or perhaps 25 to 50 per cent above the interrupt- 
ing rating at the highest voltage at which such cur- 
rents are available. Supplementary tests are some- 
times made at intermediate voltages and currents as 
a further demonstration of the sufficiency of the de- 
sign to withstand high voltage stresses as well as 
mechanical forces resulting from current interrup- 
tion. Power testing transformers in this country 
are insulated for 132 kv to ground and testing volt- 
ages above this value ordinarily are obtained by in- 
terposing ground between 2 such transformers, in 
effect placing the potential of one transformer above 
ground and the other below it. By connecting the 
test breaker across these 2 transformers in series, 
test voltages up to 264 kv become available, the 
intermediate voltages being obtained by underexci- 
tation of the test generator. Under these conditions 
the maximum current values obtainable at normal 
rated voltages sometimes have fallen below 25 per 


Fig. 8. Top end 
plate assembly 


A complete arcing 
horn and the vents 
through the end 
plate between sup- 
porting stud holes 

are shown 


cent of the breaker’s current interrupting rating and, 
while accepted as the best demonstration possible 
under the circumstances, have left a question as to 
how adequately the rupturing ability of the breaker 
has been proved. 

When a single pole unit is supplied with several 
breaks and the division of voltage among these sev- 
eral breaks is known for the various conditions to be 
encountered in service, it becomes possible to test 
smaller subdivisions of breakers than the complete 
pole unit and to test these subdivisions at voltages 
and currents to which they will be subjected in actual 
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service. This is accomplished by short-circuiting 
any desired number of breaks and subjecting the 
remaining units to interrupting tests within the lim- 
its of laboratory capacity, actually imposing on these 
units the stresses which would be present if the com- 
plete circuit breaker were being tested to its maxi- 
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Fig. 9. Magnetic field set up by multiturn coils in 
grid end plates 


Top and bottom coils are wound in opposite directions so 
that flux will take a radial direction in the plane between 
the contacts and arcing horns 


mum rating in current and voltage. For instance, 
9 of the 10 breaks in a 10 break unit may be short- 
circuited and the remaining break tested at or above 
the voltage imposed on that break under the worst 
service conditions, presumably a 3 phase ungrounded 
fault, with current equal to or above the current in- 
terrupting capacity of the breaker. It will, of course, 
be apparent that this method of demonstrating the 
sufficiency of the design for rated service applies only 
when the interrupting device for each individual 
break is complete in itself and is unaffected by opera- 
tion of the remaining devices. The interrupting 
capacity of the 287.5 kv oil circuit breakers for the 
Boulder Dam lines has been proved in this manner, 
and thus stands as the highest ever demonstrated by 
actual test. 


Ort CrrcuIT BREAKER FOR 287.5 Kv 


An outstanding example of the successful applica- 
tion of these principles of high speed arc rupture is 
the 287.5-kv 2,500,000-kva capacity oil circuit 
breaker designed for service on the new high voltage 
transmission line at Boulder Dam. The specifica- 
tions called for a total operating time from the mo- 
ment of energizing the trip coil until the arc is extin- 
guished of not to exceed 3 cycles or 0.05 second. A 
view of one pole unit of this breaker is shown in 
figure 2; 4 3 pole breakers of this type will be used 
at the Boulder Dam end of the transmission line to 
Los Angeles. 

Each steel tank is 10 feet in diameter and contains 
approximately 8,500 gallons of oil. The over-all 
height of the breaker is 29 feet to the top of the ter- 
minals. The high voltage bushings are of the capaci- 
tor type equipped with a tap for use with a poten- 
tial device. Through type current transformers are 
provided on each terminal for relaying purposes. 
One solenoid operated mechanism opens and closes 
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Fig. 10. Schematic 
diagram of coil con- 
nection in 5 break con- 

tact assembly 


A—Piston 

B—Hollow stationary con- 
tact 

C—Moving contact 

D—Multiturn shunt coil 

E—Two turn series coil 

F—Upper arcing horn 

G—Lower arcing horn 

H—Oil deflector 

J—Contact fingers on op- 
erating rod 


the 3 poles simultaneously, providing a definite 
mechanical interlock to prevent one pole unit from 
opening ahead of another. This mechanism is trip 
free in all positions, and is capable of instantane- 
ous reclosure if necessary. A special high speed 
tripping device consisting of 3 latches tripped 
in series, Shown in figure 3, permits the main breaker 
lever to start to move within a half cycle after the 
trip coil is energized. The contacts in the inter- 
rupting units part */, cycle later and require less 
than 11/, cycles to open their full break distance. 

_ The general arrangement of the contacts and shield 
is shown in figures 4 and 5. There are 10 interrupt- 
ing breaks in 2 groups of 5 per pole, and 2 disconnect- 
ing breaks which open after the circuit has been 
cleared and serve to remove potential from the lower 
end of the contact assemblies attached to each ter- 
minal. Each group of 5 breaks is surrounded by a 
cylindrical molded insulating shield containing lay- 
ers of metal foil to provide sufficient capacitance to 
distribute properly the voltage across the several 
contacts. 

In closing the breaker, the crossbar attached to 
the main lift rod first closes the disconnect gaps and 
then engages a pair of fingers at the bottom of the 
operating rod passing through the axis of each con- 
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tact assembly. Levers carrying the individual mov- 
ing contacts are attached at 5 points to these operat- 
ing rods so that simultaneous closing of all 10 breaks: 
is accomplished by a further movement of the cross-. 
bar of approximately 11/, inches. In tripping, it is: 
necessary for the main operating rod to move only, 
this short distance to open all 10 breaks. The cross-. 
bar then pulls out of the fingers and opens the 2 dis- 
connect breaks while moving to the full open posi-. 
tion. 

The deionizing grid units, although modified! 
structurally to obtain a stronger magnetic field, . 
utilize the same principles of operation as the con-, 
ventional type.” The slot is circular in section in-. 
stead of straight and the arc is driven around this, 
slot on copper arcing horns by a radial magnetic 
field produced by multiturn coils wound in opposite: 
directions in each pair of end plates. The recesses: 
or oil pockets containing oil used to rupture the are 
are shown in figure 6 along the sides of the slot in one 
of the groups of fiber plates making up each grid 
structure. Figure 7 shows a single grid unit with the 
fiber plates cut away to show the contacts and arcing | 
horns. Another view of an arcing horn is given in 
figure 8 showing an upper end plate assembly. Vents | 
to allow for the escape of gas formed during the in- | 
terrupting process also may be seen between the sup- 
porting stud holes in this figure. 

In the cross-sectional view of figure 9, the radial 
magnetic field is shown plotted in relation to the con- 
tacts, horns, coils, and steel end plates. The multi- 
turn radial field coils are not permanently in the cir- 
cuit, but are connected to the arcing horns and carry 
current only while the arc is actually on the horns. 
The arc is transferred from the contacts to the horns 
by the magnetic effect of a 2 turn series coil in the 
upper end of each grid. When interrupting low cur- 
rents, arc transfer is assisted by the movement of oil 
discharged from a small dashpot through an opening 
in the stationary contact and deflected across the 


Fig.11. Voltage 
distribution across 
10 breaks of one 
pole of breaker 
A—Grounded fault 
on 287 kv system 
with 167 ky across 


the pole and one 
terminal grounded 
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B—First poleto clear 
a 3 phase unground- 
ed fault on 287 ky 
system with 249 ky 
across the pole (one 
terminal + 166 ky, 
other —83 ky) 


C—Laboratory test 
at 264 ky with mid- 
point of transformers 
grounded 
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contact tips by a block of fiber. By making the 
area of the dashpot piston approximately equal to 
the cross section of the moving contact, the pressure 
in one grid tends to balance the pressure in the next, 
and allows oil to flow in to take the place evacuated 
by the contact as it moves out. 

Figure 10 is a schematic diagram of all of the coil 
connections in a 5 grid assembly. The upper arc 
terminal transfers to the arcing horns first, and ad- 
vantage has been taken of this by interconnecting 
the coils so that both the bottom coil of one grid and 
the top coil of the grid below are connected in the cir- 
cuit by the transfer of one upper arc terminal. The 
bottom grid of each assembly is provided with a 
separate 2 turn series coil to assure the transfer of the 
bottom arc terminal which cuts in the lower shunt 
eld coil. The arc is ruptured by the strong deion- 
izing action produced by the turbulent gas blast as 
the arc is forced magnetically against the oil trapped 
in the pockets along the slot. At usually the first 
current zero after the arc has transferred to the arc- 
ing horns, dielectric is built up so rapidly by this in- 
tense turbulence that the breakdown value always 
exceeds that of the rising recovering voltage and the 
circuit remains interrupted. 

The effectiveness of the static shields in improving 
the voltage distribution across the separate breaks is 
shown by the curves in figure 11. Under the worst 
condition of a3 phase ungrounded fault on the 287 kv 
system, the maximum voltage on any one break of the 
first pole to clear would be only 27.1 kv, which is 10.9 
per cent of the voltage appearing across that pole. 
When interrupting grounded faults, the voltage 
across the 10 breaks of a single pole is 167 kv, and the 
grid with maximum stress according to the distribu- 
tion measurements would be the first break on the 
high side with a voltage of 21.9kv. The voltage dis- 
tribution for the laboratory test conditions of 264 kv 
applied to a single pole unit with the midpoint of the 
testing transformers grounded is also given. For this 
case the maximum voltage across one grid is 26.9 kv, 
practically the same as for the 3 phase ungrounded 
condition at 287.5 kv. 

The rather complete investigation of the problem 
of accurate measurement of the voltage distribution 
across a series of very small capacitances, which was 
undertaken during the development of this circuit 
breaker, will probably form the subject of another 
paper. However, it may be of interest to outline 
briefly the method by which these measurements 
were obtained. 

A small neon tube having a definite breakdown 
voltage was connected across each of the deionizing 
grids in turn. With the circuit breaker crossbar 
raised far enough to bridge the disconnect gaps but 
leaving the 10 interrupting breaks open, voltage was 
applied to the breaker terminals and increased slowly 
to the value at which the neon tube across the partic- 
ular break being measured was observed visually to 
break down. The voltage across this break evidently 
was then equal to the breakdown voltage of the tube, 
and could be expressed in per cent of the terminal 
voltage by dividing by the known applied voltage. 
After the per cent of voltage across each break was 
measured separately, a proportional correction fac- 
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tor was added to each so that the sum of the 10 per- 
centages would equal exactly 100. The fact that 
leads which might distort the electrostatic field do 
not have to be brought out of the circuit breaker 
from the different grids contributes greatly to the 
accuracy of this method of measurement. 


INSULATION AND INTERRUPTING TESTS 


The standard A.I.E.E. 60 cycle insulation test of 
650 kv for one minute has been applied successfully 
to the circuit breaker both from terminal to terminal 


Fig. 12. One pole of circuit 


Fig. 13. 


Impulse wave used 


breaker on surge test 


Circuit breaker contacts closed; 

surge applied to both terminals. 

A suppressed discharge may be 

noted in the gap which did not 
flash 


in surge test 


The wave reached its peak of 
slightly over 2,000 kv in approxi- 
mately 11/2 microseconds, and 
then discharged across the gap 
about microseconds later 


11/2 


with the contacts open, and from terminal to ground 
with the contacts closed. 

Impulse tests at over 2,000 kv also were made on 
the breaker in both the open and closed positions. 
Every discharge took place over the outside of the 
breaker clear of the bushings, as shown in figure 12, 
the internal insulation not being affected in any way. 
The steep wave front of the applied surges which 
reached crest value in approximately 11!/, micro- 
seconds is indicated by the oscillogram in figure 13. 

In table I are given the results of representative 
short-circuit tests made in the high power laboratory 
on a single-pole unit with different numbers of active 
breaks in series. Many hundreds of verification 
tests have been made, and it is of course possible to 
refer to only a few of them. To indicate the con- 
sistency of performance, however, groups of 3 con- 
secutive tests have been included for each important 
test condition. 

The first group of 9 tests was made with all 10 
breaks functioning in the single breaker pole unit. 
As indicated in the curves of voltage distribution, 
264 kv across one pole subjects the maximum stressed 
units to approximately the same yoltage they would 
receive as part of the first pole to clear on a 287-kv 3- 
phase ungrounded short circuit. Furthermore, the 
rate of rise of recovery voltage of 6,000 volts per 
microsecond is probably much more severe than 
would ever be encountered in service. 
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The average breaker operating time on the 3 con- 
secutive interruptions at 264 kv was 2.53 cycles. 
Since the available short-circuit current at this 
voltage is limited to approximately 25 per cent of 
the breaker rating, tests with half of the pole unit 
shunted out at proportionately lower voltage give a 
still better check on the interrupting capacity of the 
whole circuit breaker. 

The voltage to ground on the 287 kv system is 167 
kv. so tests with only 5 active breaks in series were 
made at a little more than half this voltage, or 88 kv, 
to demonstrate the breaker performance under 
grounded fault conditions. As may be seen in the 
table, short-circuit currents up to and above the 
breaker rating of 5,000 amperes were interrupted at 
this voltage. As is to be expected with an arc rup- 
turing device utilizing the energy of the short-circuit 
current to interrupt the arc, the stronger magnetic 
field at the higher currents moves the arc more 
rapidly and thus reduces the interrupting time. 
The average breaker operating time on the 3 con- 
secutive high-current 88-kv tests was only 2.33 cycles. 

With 50 per cent more voltage, or 132 kv, to check 
the operation under 3 phase ungrounded short-circuit 
conditions, tests were made up to the limit of the 
laboratory equipment. The average current on the 
3 consecutive tests was 3,100 amperes and the breaker 


Table I—287.5 Kv Oil Circuit Breaker Interrupting Tests 


Test Interrupted Arcing Time Total Circuit Recovery 
Voltage, Current, After Transfer, Breaker Time, Rate, Volts per 
Kilovolts Amperes Cycles Cycles Microsecond 

Ten Breaks in Series 
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Fig. 14. Oscillogram of 5 break test at 132 kv 


This test represents the duty on the first pole to clear a 3 
phase ungrounded fault of 1,500,000 kva on a 287 kv sys- 


tem. The breaker was tripped by cam switch control just 

before the short circuit began. A, B, and C indicate, re- 

spectively, energizing of trip coil, parting of contacts, and 
transferring of arc to horns 


operating time 2.43 cycles. The oscillogram for one 
of these tests is shown in figure 14. 

A demonstration of the factor of safety in voltage 
interrupting ability is given by tests on the half pole 
unit up to the maximum available voltage of 264 kv 
These tests represent conditions far beyond practica 
requirements, but give further assurance of reliable 
operation in service. 

The last group of tests was made on a single gric 
only, all of the other 9 breaks being shunted out o 
the circuit. Referring to the voltage distributioz 
curves in figure 11 again, it will be noted that thi 
unit under maximum stress during a grounded fault i 
subjected to 21.9 kv. The series of tests at 22.m 
across one break thus should represent operation te 
be expected under these conditions. Sufficient cur 
rent was available to carry the tests to more thas 
8,000 amperes, or well beyond the breaker rating 
thus effectively demonstrating a high factor of safet: 
in current interrupting ability at actual service volt 
age. The 3 interrupting tests at the highest cur 
rents given in the table averaged 7,600 amperes, o 
50 per cent above the breaker rating, and the circui 
was cleared with an average breaker time of onh 
2.18 cycles. Figure 15 shows an oscillogram of th 
interruption of 8,900 amperes. 

A number of high current tests were also made a 
36 kv, or more than 60 per cent higher voltage acros 
a single break. The average breaker time on 3 con 
secutive tests at currents averaging 6,500 ampere 
was 2.33 cycles. As a further check on the voltag 
interrupting ability of a single grid, still higher volt 
ages up to 72 kv were interrupted satisfactorily. - 

The interrupting characteristic curve in figure 1 
has been plotted using data taken from table I. I 
is evident that the total breaker operating time con 
sists of, first, the mechanical time to part contact 
after the trip coil is energized; second, the time fo 
the arc to transfer to the arcing horns; and, finally 
the time during which the arc is actually interruptec 
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Fig. 15. Oscillogram of single break test at 22 kv 


This test represents the duty on the unit having maximum 
stress in one pole clearing a grounded fault of 4,500,000 
kva on a 987 kv system 


Arc transfer has been purposely delayed for at least 
1 half cycle, so that there will be a gap between the 
‘ontacts of an inch or more at the time when the arc 
s ready to interrupt on the arcing horns. This 
liminates unnecessary are energy generation in vain 
ittempts to interrupt the arc as soon as the contacts 
jart. Referring to the oscillograms in figures 14 and 
[5, it may be seen that the arc voltage during this 
yeriod, between points 6 and C, is so low as to be 
1ardly detectable. 

The characteristic curve indicates that the operat- 
ng time is practically independent of the test voltage, 
ince the squares and circles, representing tests dif- 
ering by more than 50 per cent in the interrupted 
voltage per grid, are both distributed fairly uni- 
ormly about the mean curve. On the contrary, in- 
easing current very definitely reduces the time both 
o transfer and to rupture the arc, because of the in- 
reased magnetic effect of the radial field coils in the 
leionizing grid interrupters. Thus the forces used to 
nterrupt the circuit are automatically adjusted to 
the duty to be performed, avoiding unnecessary 
trains on the breaker during switching or low-power 
irc rupturing service, but having instantly available 
ull interrupting ability to clear the most severe 
aults in the minimum time. 

The few tests referred to are hardly sufficient to 
tive an adequate picture of the ruggedness and re- 
jability of this type of circuit breaker. As an indi- 
‘ation of the repeated interrupting duty of which 
his breaker is capable without requiring mainte- 
1ance of any kind, it should be pointed out that on a 
1umber of different occasions the test breaker pole 
init was subjected in one day to between 75 and 100 
hort circuits representing duty from 10 per cent to 
50 per cent of the breaker rating. Since short cir- 
uits on a high voltage system such as the one for 
vhich this circuit breaker is designed occur at very 
nfrequent intervals and those faults that do occur 
re divided among a number of different breakers, 
t may be realized that a schedule of repeated tests 
uch as that just described amounts to crowding a 
ife time of service into a single day. The oil volume 
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in these circuit breakers is considerable, and the arc 
energy during interruption low, so that the oil de- 
terioration from arcing has proved to be practically 
negligible. These tests carried out on the highest 
service voltage rating of conventional oil circuit 
breakers throw added assurance on the dependability 
of large numbers of high voltage breakers now in 
service incorporating the same fundamental prin- 
ciples of arc rupture but not adapted to proof of 
their sufficiency by the same test methods. 

High speed are rupture of the type described in 
this paper is applicable to other voltage ratings as 
well. However, the considerable additional compli- 
cation involved in the multibreak design should be 
justified by definite economic advantages that may 
be gained by the use of ultra high speed switching. 
A reduction in breaker time from 8 to 6 cycles made 
possible by moderate changes in the tripping mecha- 
nism will probably take care of most applications. 

The cylindrical shape of the new deionizing grids 
lends itself to use in a porcelain-clad breaker design, 
and enough tests have been made to indicate satis- 
factory performance if such an application should 
prove desirable from other considerations. At the 
present time, there does not appear to be indication 
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Fig. 16. Operating time characteristic curve of 
287.5 kv oil circuit breaker 


The average total time of 21/2 cycles includes approximately 
11/4 cycles to part contacts, 3/4 cycle to open the contacts 
and transfer the arc to the horns, and 1/2 cycle to interrupt 
the arc 
O—10 break tests at 264 kv; 5 break tests at 132 ky; 
single break tests at 36 kv 
[J—5 break tests at 88 kv; single break tests at 29 kv 


of sufficient economic advantage or improvement 
from the point of view of safety to justify a complete 
swing away from the ruggedness and reliability of the 
conventional steel tank design. _ 
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Salient Pole Motors 
Out of Synchronism 


An extension of the development and 
application of methods of tensor analysis 
is given here, applied to the predetermina- 
tion of the subsynchronous performance 
characteristics of salient pole synchronous 
motors. 


By 
A. H. LAUDER 


ASSOCIATE A.1.E.E. 


General Elec. Co., 
Schenectady, N. Y. 


1 a salient pole synchronous ma- 
chines when operated out of step with the field ex- 
cited are subjected to very high pulsating torques 
that may cause mechanical damage has long been 
known. Also, it is known that when the field is ex- 
cited a motor’s ability to start from rest or to pull 
into step is markedly affected; the precise results in 
any given case being affected by the relative values 
of applied armature voltage, the field excitation, and 
especially the resistance of the armature circuit. 
Even when the field is unexcited, and either open or 
short-circuited, the motor torque pulsates through a 
wide range during operation out of synchronism. 
To design machines properly to withstand these ab- 
normal forces, and to determine the starting and 
synchronizing ability of a machine under all circuit 
conditions, it is therefore necessary to be able to pre- 
determine the instantaneous torque and current re- 
lationships while the motor is operating out of syn- 
chronism. 

The object of this paper is to present a more com- 
plete theory of this subject than heretofore has been 
available. The paper extends analyses of starting 
performance by Putman,! Park,? Linville,? Shutt,‘ 
and other writers to include continuous operation out 
of synchronism with the field excited. Figure 11, 
showing the average torque and the maximum and 
minimum instantaneous values developed over the 
range from zero to full speed by a typical low speed 
synchronous motor, with and without field excitation 
illustrates the results obtainable by this analysis. 
The value of torque pulsation of more than 300 per 
cent of normal developed at standstill with full ex- 
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citation on this motor shows the importance of tak- 
ing account of the stresses that occur during opera- 
tion out of synchronism. 


CONCLUSIONS 


The continued extension of power systems and 
installation of larger generating units makes in- 
creasingly important the control and protection of 
synchronous machines in a manner that will prevent 
operation out of synchronism and thus minimize the 
possibility of damage to connected apparatus or to 
the machines themselves. 

It is obvious that the machines should be so de- 
signed that they will withstand operation out of step 
for sufficient time to permit protective devices to 
function, or some correspondingly reasonable period. 

Moreover, careful consideration should be given 
to the use of directly connected exciters on large 
units. When a machine equipped with a directly 
connected exciter accidentally is operated out of 
synchronism, the excitation decreases with the speed 
and the resulting torque pulsations are greatly re- 
duced at low speeds and at standstill. 


MerTHOD OF ANALYSIS 


Several of the characteristics associated with the 
starting performance, and the synchronous operation 
of a motor occur simultaneously when it runs out of 
step with the field excited. A consideration of this 
phenomenon therefore must include a means of de- 
termining all these characteristics. The synchro- 
nous action may be expressed by simple algebraic 
equations. The starting performance presents a 
more difficult problem, but may be determined in 
any manner that takes account of the most important 
factors. For example, one may use the generalized 
equations and impedance operators of Park,” calcu- 
lating the operators directly from the fundamental 
circuit equations’ or evaluating them by means of 
equivalent circuits.’ 

Identical results may be obtained from the tensor 
method of Kron® by employing an impedance matrix 
which contains all the circuit constants. In general, 
such a matrix would be comprised of 2” + 3 rows 
and columns where there were ” amortisseur circuits. 
in both the direct and quadrature axes. It can read- 
ily be reduced to a minimum of 2 rows and columns 
where the various components contain Park’s opera- 
tors xa(p) and x,(p). The final equations will be: 
in the most concise form when they are expressed in 
terms of these functions. However, from the stand- 
point of design or calculation, it is not always advis- 
able to use these operators exclusively. They con- 
tain armature and field terms in combination with 
those for the amortisseur and do not permit the vari- 
ous windings to be classified to the best advantage. 

This obstacle may be overcome by reducing the 
matrix of order (2x + 3) to one having 3 rows and’ 
columns and containing analogous operators Xao(P), 
x(p), and %Xaf(P) in addition to x(p). These opera- 
tors may be separated into terms which apply ex- 
clusively to the armature, field, and amortisseur 
windings. 
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In view of these facts the following procedure was 
adopted in preparing this paper. 


1. The performance characteristics of a machine 
operating continuously out of synchronism, and the 
methods of calculating them, are discussed and illus- 
trated in the body of the paper. Wherever possible, 
the terms of the several equations are arranged to 
show how the familiar synchronous and induction 
characteristics are combined when the motor operates 
out of step. This material is of general interest and 
should be readily understood and appliable by any- 
one familiar with synchronous machines. 


2. The several appendices constitute a discussion of 
the theory and equations involved in the operation of 
a synchronous motor at any constant speed. They 
are intended to appeal to the reader who does not 
possess a very complete understanding of the ‘‘2- 
reaction theory” of machine analysis. Further, 
inasmuch as several of the basic equations are more 
general in some respects than those previously pre- 
sented, it is believed that the appendices will have 
value as references for future work. The tensor 
method of Kron,*® which he uses in treating 2 phase 
motors, has been adapted to 3 phase machines by 
transformation matrices which are essentially the 
foundation of the 2-reaction theory and were first 
given in scalar form by Park.? The tensor method 
has been followed throughout the appendices pri- 
marily because it leads to a clear understanding of 
the problem at hand together with associated prob- 
lems. It also affords the simplest method of defining 
operators for the case of 2 amortisseur circuits, and 
demonstrating the methods of separating and re- 
combining the field, armature, and amortisseur 
terms. A reader familiar with the theory of de- 
terminants will be able to obtain in a few hours a 
knowledge of tensor analysis sufficient to follow the 
derivation of any of the equations. 


RESULTS OF ANALYSIS 


A few of the more important points developed in 
the paper are as follows. 


1. A general expression is derived in Appendix I 
for the armature voltage impressed along the direct 
and quadrature axes together with the appropriate 
modifications to be used in steady state and transient 
problems. The angle defining the phase voltage at 
the instant the switch is closed is shown to be the 
initial mechanical displacement plus the angular 
displacement of the direct axis from the reference 
phase. 


2. The time vector 7, used in the complex number 
system, is frequently confused with the space vectors 
used to identify various reference axes. Therefore, 
Appendix II has been included to show how the in- 
stantaneous values of current, etc., are obtained 
when the solution appears in complex form. 

3. A method is given in Appendix III for reducing 
any matrix to one of lower order by inspection. The 


method is applied in deriving the operational imped- 
ance for the case of m amortisseur circuits in each 


axis. 
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4. The transient performance of a motor when 
switched on the line may be obtained by following 
the procedure outlined in Appendix IV. 


5. The instantaneous power and torque of a motor 
running at any constant speed with or without exci- 
tation may be calculated from the equations de- 
veloped in Appendix V. 


6. Several characteristic curves are included which, 
to the author’s knowledge, have never been pub- 
lished before. The most interesting of these is the 
total instantaneous torque developed out of syn- 
chronism (figure 11) as it emphasizes the seriousness 
of stalling an excited machine. 


ASSUMPTIONS 


The performance of a synchronous machine is ex- 
pressed mathematically by a set of simultaneous dif- 
ferential equations. Particular solutions of these 
equations can be obtained by means of mechanical 
integration, or step-by-step analysis for a limited 
number of circuit constants. More general solutions, 
in the sense that they are valid for an arbitrary 
number of circuits, assume constant angular velocity 
for a given value of slip. The expressions contained 
in this paper are evaluated in this manner. It has 
been found that the steady component of torque 
calculated on the basis of constant slip agrees rea- 
sonably well with the actual value.» A knowledge 
of the oscillating torque is desired merely to indicate 
the magnitude and frequency of the disturbing forces. 
Thus, the assumption is justifiable from a practical 
standpoint. 

The analysis neglects saturation and hysteresis, 
but assumes that the effect of eddy currents in the 
copper will be taken into account when the circuit 
constants are evaluated. In all other respects the 
machine is considered “‘ideal’’ as defined by Park.® 

While the material presented in this paper applies 
to any polyphase machine, within the limit of the 
assumptions, particular attention is devoted to 3 
phase salient pole motors of the conventional type. 

Power and torque have positive signs during motor 
operation. The displacement angle 6 is a small posi- 
tive quantity during synchronous motor operation 
at light loads. 


DETERMINATION OF 
SUBSYNCHRONOUS PERFORMANCE 


Equations for determining the characteristic be- 
havior of a machine when it operates out of syn- 
chronism are derived in the several appendices. Be- 
cause of the length of these expressions only a few of 
them are repeated here, the remainder being re- 
ferred to by number. In deriving the equations the 
component currents in the various circuits were de- 
termined separately for each applied voltage, and 
then combined vectorially to obtain the total cur- 
rents. The flux density vectors resulting from each 
applied voltage also were evaluated separately and 
combined in a similar manner. This procedure was 
followed because it permitted the component of 
torque due to induction motor action to be sepa- 


637 


rated from the total instantaneous value. The re- 
sultant flux density vector has the same value re- 
gardless of whether it is obtained in the described 
manner or evaluated directly from the total current. 

The steady state power and torque equations were 
determined from the complete expressions for current 
and flux density. They are expressed in terms of 
the real and imaginary components of the several 
current and flux density vectors due to the various 
applied voltages. Hence, in applying the equa- 
tions, the current and flux density vectors first are 
calculated for the case of alternating voltage applied 
to the machine with the field short-circuited through 
the impedance of the excitation circuit. The process 
then is repeated for the condition of excitation volt- 
age being applied to the motor when its armature is 
short-circuited through the impedance of the power 
bus. These results then are substituted directly in 
the equations for instantaneous power and torque. 
The following discussion of the various characteristic 
curves, for a machine operating continuously out of 
step with the field excited, illustrates the proper use 
of the equations. 

The curves apply to a motor that would develop a 
per-unit torque of approximately 0.40 at standstill 
and at 95 per cent speed when running as an induc- 
tion motor with the field closed on the starting or dis- 
charge resistor. Motors of this type are used for 
direct connection to reciprocating compressors and 
all manner of drives that start unloaded. They 
probably represent a class of synchronous motors 
familiar to everyone connected with the electrical 


industry. 
Part of the machine constants selected were as 
follows: 
r = 0.030 
Rya = 0.004 Field closed on excitation source 
= 0.025 Field closed on discharge resistor 
fo Sih) 
Xq = 0.75 
Xafd = 0.75 
e = 1.0 
Gi > hst 


The remaining constants are represented by the 
steady state impedance operators shown on the curves 
of figure 1. The data were calculated by the 
methods of Appendix III using Ry = 0.004. These 
particular operators represent the impedances of the 
direct and quadrature armature circuits when the 
field and all amortisseur circuits are closed. They 
appear in the reduced impedance matrix having 2 


Fig. 1. Steady 
state imped- 
ance” fune- 
tions; field 
short-circuited 
and amortis- 
seur circuits 

closed 
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Fig. 2. Arma- 
ture currents 
caused by im- 
pressed alter- 
nating voltages 
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igl=a'COS 8 +b’ 
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rows and columns (equation 64) and are expressed in 
complex form in figure 1. At standstill, x, (js) 
would be read 0.40 — 0.0772. 

Armature currents resulting from the application 
of balanced sinusoidal phase voltages to the machine 
are shown in figure 2. These currents were obtained 
by substituting values from figure 1 in equation 68. 
The solution reduces to the following form, 


(86) 
(87) 


td = e(a — jb) sin 6 
ig = e(a’ — jb’) cos 6 


where 7g; and 7 are defined by equation 69. 

These curves are characteristic of salient polemotors 
in general in that 74, and 2,; are equal in magnitude 
at 50 per cent speed. The influence of the short-cir- 
cuited field is shown by the sudden increase in the 
real component of 74; near synchronous speed. 

The armature flux density vector due to applied 
phase voltages was calculated from equation 79. 
The results were obtained in the form, 


(93) 
(94) 


Wa = e(¢ — jd) cos 6 
Yq = —e(c’ — jd’) sin 6 


where Wa and Wa. are defined by equation 80. The 
coefficients c, d, c’, d’ are plotted in figure 3. The 
scale of c and c’ has been increased 10 times in order 
to illustrate the characteristic shape of these curves 
near half speed. 

The armature currents that appear when the ma- 
chine is excited are shown by figure 4. The current 
vector was evaluated from equation 75, and the com- 
ponents 742, 7¢2 are defined by equation 76. Figure 4 
also shows the flux density produced by the currents 
4g2 and tg. The components of the vector are de- 
fined by equation 83 and were calculated in accord- 
ance with equation 81. . 

The information contained in figures 2, 3, and 4 is 
sufficient for the calculation of power and torque 
at any steady value of slip between zero and unity. 
The equation for the total instantaneous power trans- 
ferred between the line and the machine is derived 
in Appendix V. It is written in terms of the various. 
components of armature current shown by figures 2) 
and 4, as follows: 


(ata) |, 6-0) (a — a’) 
2 


sin 25 — e2 ————_—. X 
2 


bh 43 


2 
cos 26 + @tg2. sin 6 + @€igcosd (90) 


The first 3 terms are independent of excitation, and 
represent the power that would be supplied to the 
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machine if it operated as an induction motor with the 
field short-circuited. The first term is constant for a 
given value of slip, and represents the average or 
useful power supplied to the machine over a slip 
cycle. The second and third terms pulsate at twice 
slip frequency and represent components of a second 
harmonic in the total power pulsation. The second 
harmonic is due to the saliency of the rotor and any 
inequality of the windings in the 2 axes, such as the 
presence of a closed field winding. This component 
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of power is always zero at half speed in a salient pole 
machine. It does not appear at all in the induction 
motor. The first 3 terms of the power equation are 
plotted in figure 5 with the total magnitude of the 
second harmonic indicated by a dotted line. 

The fourth and fifth terms of equation 90 pulsate 
at slip frequency and vary directly with excitation. 
They are plotted in figure 6. The first harmonic of 
pulsating power is shown by a broken line, and is only 
slightly greater than the szm 6 term over most of the 
speed range. 

The total instantaneous power may be obtained 
by test. It appears on oscillographic records as a 
function of time. For that reason an attempt some- 
times is made to interpret the power trace in accord- 
ance with the power angle characteristic obtained at 
synchronous speed. This would place the maximum 
points at from approximately 70 to 90 degrees and 
270 to 290 degrees, which seldom is the case. Figure 7 
shows a typical record taken on a 350 horsepower, 
400 rpm synchronous motor, fully excited, and op- 
erating at an average slip of 5.25 per cent. The 
large notches in the trace indicating angular displace- 
ment are 90 electrical degrees apart while the small 
notches occur every 10 degrees. The instantaneous 
power has been plotted as a function of displacement 
angle in figure 8. The smooth curve was obtained 
by the methods of this paper, using the equation 


P= 0.4765e2 — 0.535e? sin 26 — 0.0175e? cos 26 + 
1.546e sin 6 — 0.0848e cos .6 


The test points taken from figure 7 are indicated by 
the small circles. 

In order to have a direct comparison between the 
calculated and test points the actual values of e from 
figure 7 were used in equation 100. The voltage 
varied from 0.905 per-unit at 6 = 0 degrees to 0.855 
at 6 = 180 degrees. This accounts for the variation 
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in the average component of torque shown in figure 8. 
Most of the divergence between the calculated 
and test curves probably is due to the effect of the 
rate of change of slip on the electrical torque. Satu- 
ration modifies the lower parts of the curve, but has 
little effect on the maximum values. The accuracy 
with which the circuit constants can be predeter- 
mined also is a factor. All things considered, the 
agreement between the 2 curves is quite satisfactory. 

The total instantaneous torque developed by the 
motor when running continuously out of step was 
determined by substituting values from figures 2, 3, 
and 4 in the following equation: 


| » 


2% 2 
T =< (ad +a'd! — be — b’c') += (ac + b/d’ — bd — ac’) sin 25 — 


bo 


2 
- (ad + be — b’c’ — a’d’) cos 25 + (taeWa2 + tq2q2) + 


e(apae + dtd2 + b' Wao = C'tqa) sin 6 — 
e(bWar — Cid2 — a'Yq2. — d'tq2) cos 5 (97) 


The first 4 terms of the torque equation are shown in 
figure 9. The first term represents the steady or 
average component of torque that carries the load 
and produces continuous acceleration of the rotor. 
The second and third terms comprise the second 
harmonic component of the total instantaneous 
torque. The total magnitude of this harmonic is 
indicated by a dotted line in figure 9. All 3 of these 
terms are independent of excitation, and together 
represent the torque that the machine would develop 
when running as an induction motor with the field 
winding short-circuited. The steady component of 
torque is approximately equal to the average power 
minus the armature circuit losses. The second har- 
monic torque and power pulsations are about equal 
in magnitude near standstill and synchronous speed. 
At half speed the power pulsation disappears while 
the torque pulsations continue to increase. The 
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fourth term of equation 97 is a function of speed, and 
varies directly as the square of the excitation. This 
component has been referred to in Appendix V as the 
braking torque. It results from the circulation of 
current through the armature and power source due 
to the presence of direct current in the field winding. 

The last 2 terms of equation 97 pulsate at slip 
frequency, and comprise the first harmonic of the: 
oscillating torque. They are shown together with 
their total magnitude in figure 10. The difference 
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between the first harmonic of pulsating power, shown 
in figure 6, and the corresponding component of 
torque in the region from 0 to 20 per cent speed is 
very important. One might expect that since the pul- 
sating power decreased to zero when the machine 
slows down to rest, the torque might do likewise. 
This is not the case, as the pulsating torque increases 
enormously when the machine stalls with its field ex- 
cited. The oscillating torque near standstill is due 
almost entirely to the action of the component of 
armature current produced by alternating voltages, 
on the field produced by the exciting current. The 
magnitude of this torque at zero speed is equal to the 
product of the quadrature axis armature current and 
the quadrature axis flux density vector, pz. The 
vector ¥2 is equal in magnitude to the direct axis 
armature flux linkages or (e1 — taxa). As the 
machine decreases in speed, zg and its armature re- 
action approach zero. This allows the flux in the 
pole to build up to a value where all the field mag- 
netomotive force is consumed in overcoming the re- 
luctance of the magnetic circuit. a, approaches the 
value of eg and the limiting value of the first harmonic 
of pulsating torque becomes eégt,. The first har- 
monic of the power pulsation approaches zero since 
both za and 7. are the result of generated voltages 
and must be zero at standstill. 

Curve A of figure 11 shows the net average torque 
developed by the motor over a complete slip cycle at 
any particular speed. The extent of the torque pul- 
sation is represented by the distance from curve B to 
curve C. At some point in the slip cycle the torque 
will increase in a positive direction to the value in- 
dicated by curve B. It then will decrease to zero, 
and finally increase negatively to the value indicated 
by curve C. The average component of torque de- 
veloped during the normal accelerating cycle with 
the field closed through its discharge resistor is shown 
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by curve D. The magnitude of the corresponding 
second harmonic pulsation is represented by the dis- 
tance from curve £ to curve F. 

A consideration of figure 11 shows that stalling the 
average low torque synchronous motor without re- 
moving excitation may easily result in as much (or 
more) damage than any other condition to which it 
might be subjected. As the machine pulls out of 
step and slows down to rest, the principal component 
of pulsating torque passes through the entire fre- 
quency range from zero to the rated value. The 
pulsating torque has an appreciable magnitude 
throughout this range and, being continuous, con- 
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stitutes a serious hazard to the mechanical system. 
The magnitude of these pulsations at standstill 
usually exceeds the short-circuit torque, and with 
machines having a power factor of 0.8 or less 
it frequently exceeds the maximum value occa- 
sioned by synchronizing 180 degrees out of phase. 
Once the machine reaches standstill it may not be 
able to accelerate, even though the load is reduced 
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to zero. Under these conditions the amortisseur will 


overheat rapidly and ultimately destroy itself and 
other windings unless power is removed within a 
matter of seconds. 


NOMENCLATURE 


All machine constants defined in the following 
paragraphs have per-unit values expressed in terms of 
normal kilovolt-amperes, voltage, or flux linkages. 


The reactances are based upon fundamental fre- 


quency, and are numerically equal to the per-unit 
inductances. They are both denoted by the symbol, 
x. The reader is referred to Doherty and Nickle?°™4 
for a discussion of the per-unit system of notation 
and to Linville? for the method of converting the 
constants to per-unit values. 

Lower case letters denote armature terms; upper 
case letters refer to the field and amortisseur wind- 
ings. Resistance terms, except that for the arma- 
ture, have 2 subscripts, the first referring to the cir- 
cuit and the second referring to the axis in which the 
resistance is located. Reactance or inductance 
terms have 3 subscripts, synchronous reactances ex- 
cepted. Where the first 2 subscripts are identical 
they indicate the self-inductance of a particular cir- 
cuit. When the first 2 subscripts are different they 
denote the mutual inductance of the 2 circuits. The 
last subscript is always d or g and identifies the axis 
in which the terms are located; a refers to the arma- 
ture, f to the field; numbers 1 to 1, including k, refer 
to the amortisseur. 

Thus, a few of the individual circuit constants are: 


r = armature circuit resistance 
Xd = synchronous reactance or total self-inductance of direct axis 
armature circuit 


Xq = 
axis armature circuit 
Ryqd = direct axis field circuit resistance 
Xyfa = total self inductance or self-inductive reactance of direct 


axis field circuit 
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synchronous reactance or total self-inductance of quadrature 


“afd = mutual inductance or reactance between the direct axis 
armature and field circuits 

Rrq = resistance of the kth amortisseur circuit in the quadrature 

2 axis 

Xknd = mutval inductance or reactance between circuits k and n 


“ located in the direct axis 


The principal operators are: 
d 

p heed 

1 = Heaviside’s unit function 

Zab) = 7 + xa(p) p operational impedance of the direct axis 

: armature circuit when the field and amortisseur circuits 

are closed 

Zip) = 17 + x¢(p) p operational impedance of the quadrature axis 

; armature circuit when the amortisseur circuits are closed 

Zd(b) = r + xXdo(p) p operational impedance of the direct axis 
armature circuit with the amortisseur circuits closed and 
the field circuit open 

Zi(p) = Ryd + xf(p) p operational impedance of the direct axis 
field circuit when the amortisseur circuits are closed and 

the armature circuit is open 

Xaf(p) = mutual inductance operator between the armature and 
field circuits when the amortisseur circuits are closed 


Other quantities are: 


#, = time in electrical radians 

6 = displacement of phase a from the direct axis (see Appendix I) 
6 = mechanical displacement angle (see Appendix I) 

@ = switching angle of phase voltage 

vy = 6 velocity of rotor 

s = péslip 

Eya = field excitation voltage 

ég = direct axis voltage corresponding to field excitation 


A particular value of the following terms is indicated 
by an appropriate subscript: 


é = voltage 
4 = current 
P = power 
T = torque 


y = flux density or flux linkages 


Appendix i—Resolution of Phase Quantities 
Along the Direct and Quadrature Axes 


The 2-reaction theory of synchronous machines is built around 
the relationship existing between the known or measurable phase 
quantities and the hypothetical ones that, for purposes of analysis, 
are assumed to exist along the axis of the poles and that of the izter- 
polar space. In the diagram of figure 12, which shows a revolving 
armature machine, let a, b, c, be the axes of the respective phases 
rotating in a clockwise direction with instantaneous angular velocity, 
pd. The stationary direct and quadrature axes are represented by 
dand q, respectively. d is along the axis of the poles and denotes the 
direct axis, while g is directed along the center line between poles 
and indicates the quadrature axis. The positive direction of current 
in all cases will be taken along the axes away from the center of the 


armature. 


Let: 
ia, th, t¢ = instantaneous phase currents 
Ld, tq = jnstantaneous currents acting along the direct and 
quadrature axes 
e’ i’ = the phase voltage and current vectors 
e,t = the voltage and current vectors along the stationary axes 
eo, 10 = zero phase sequence quantities 
C = a transformation matrix relating i’ with i and e’ withe 
p = angle between phase a and the direct axis having the 


value 0) at t = 0 
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6 = mechanical displacement angle or angle between the 
rotating voltage vector and the quadrature axis. Its 
value is 69 when ¢ = 0 


In the per-unit system of notation, unit phase currents must 
produce unit currents along the stationary and neutral axes and 
vice versa. These relations are shown by the following scalar 
equations which may be written directly from figure 12: 


ta = 1g cos 6 + tg sin 0 + 4 


F : , 20 Te. 4 Qa 
4 = _ — — 
b = tq cos z + ig sin 3 


le = tg cos (6+) + ig sin (o+ 7) + % (1) 


: 2, fe 5 27 ees Ps tis 
td = = = = = = t¢ COS a 
d A ae eo 3 3 Cc 3 
: 2 a+; ; 27 ) 45% , juss 
1 = 1 SOS SS = t¢ sin = 
q Saco th in ( 3% 3 
; i it 
=", 10 +oi +5% (2) 
Let 
Y= at ib + ie (3) 
i = iad + igq + ino (4) 


where a, b, c, d, g, o are unit space vectors. 
Equation 1 may then be written in tensor form as 


= Ci (5) 


Where C is a transformation matrix containing the coefficients. 
of the currents on the right hand side of equation 1 


(6) 


Likewise, equation 2 may be written 
et 


Where T is a transformation matrix containing the coefficients of 
the currents on the right hand side of equation 2. But from equa- 
tion 5 


Gale,’ (7) 


I = 


Matrix T must therefore equal C~! which is the inverse of matrix C 
These conditions are 


in order for the equations to be consistent. 
fulfilled by the following matrix: 


C1 = 

Let 

e =ea+eb+ ec (9) 

e = ead = egq + 260 (10) 
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The per-unit notation results in an unusual transformation for 
voltage. This is due to the definition of power which is expressed 
as the ratio of the total power to the rated or base power. In terms 
of phase quantities the per unit power is, 


(11) 


2 2 : : : 
P= reat = 3 (€ata + ents + eclc) 


which includes a zero phase sequence component 
Rs = oto 


where 


(ea + & + &) 


6 = 


(ia + t» + tc) (12) 
The power along the direct and quadrature axes is edid + egtg to 
which the zero phase sequence power must be added to obtain the 
total per-unit power. Thus, from equations 4, 10, and 12 
DE eu €dtd + gtq + 2€oto (13) 

The magnitude of the per-unit power must not change with the 
transfer from phase to direct and quadrature quantities. This 
may be insured by transforming the voltage vectors in accordance 
with the identity obtained from equations 12 and 13. 


2 
ei = 5 eli’ (14) 


Substituting the value of i’ from equation 5 and solving for e and e’ 


2 

e = 3Cre (15) 
3 

en — 3 Give (16) 


C; and C;~! may be written directly from equations 6 and 8, 
respectively, by interchanging unit vectors thus: 


(17) 


(18) 


Let balanced sinusoidal phase voltages be applied to the machine. 
If ¢ is the switching angle in electrical radians and the phase rota- 
tion is counterclockwise the voltage vector will be: 


e’ =esin()+@)atesin (146-2) 4 


\ 
2 
csn(t te +28) (19) 


By combining equations 15, 17, and 19, the per-unit voltages 
impressed along the d and q axes are found to be 


e = esin(t + ¢ — 0)d+ecos(t + $ — 0) q (20) 
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. 


It is apparent from figure 12 that the voltage vector may also 
be written 


e = esin 6d + ecos 5q (21) 
Hence, 
Siaatlid 28 (22) 


Referring again to figure 12, the voltage vector rotates at normal or 
unit speed with respect to the armature. The angular velocity of 
the armature with respect to the poles or stationary axes is 6 
while the slip or velocity of e with respect to the stationary axes is 
ps. For subsynchronous operation, 


t t 
0 = % +f podt = 0) + fia — pd)dt 
0 vy 0 
fl 
0 
@+5 =H +54! (23) 
Combining equations 22 and 23 
= % + 4o (24) 


When the slip remains constant and motor operation is assumed, 


pi =s 

pea=i1—s 

6 =%+(1 — s/t 

5 = + st (25) 
and 

e = esin (do + st) d + e cos (db + st)q (26) 


Hence the components of voltage applied to the stationary armature 
axes pulsate at slip frequency. If the voltage is suddenly applied 
the sinusoidal waves are converted into operators on the unit func 
tion? and the voltage vector becomes : 


(ps cos 69 + p? 
e=e- 
p? + s? 


p* cos 59 — ps sin 40) 


Lae pret Ree 


1q (27) 


Appendix II—Significance of the Time Operator, j 


When a voltage 
est AL jot 


2 


BACOS Ota Es 


exists across an inductive impedance, the steady current has the 
form 


ci(wt—a) 4. .~i(wt—a) 
2 


I cos (wt — a) =I 


In order to employ complex notation in the solution of alternating 
problems, a convention has been established such that 


E cos wt is represented by Ee)“ and I cos (wt — a) is represented 
by [e7(o#—@) (28) 


The actual voltages or currents are equal to the real parts of the 
complex expressions. Thus, 


[ei(t—e) = I[cos (wt — a) + 7 sin (wt — a)] 
and 


I cos (wt — a) = Real of Je(!—@) (29) 


Impedance is the ratio of the actual voltage to the actual current, 
and may be regarded as the ratio of the real parts of the complex 
expressions. 


E cos wt 


‘ 1D, | 
eee = +7) 
Pose is represented by T* Ee (30) 


| 
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a . E 
me = 7 (cos a + j sin a) =R+ jX 


Let both sides of equation 29 be multiplied by j. 


Real of [je!-@ 
Real of J[— sin (wt — a) + j cos (wt — a)] 


In a similar manner 


Tj cos (wt — a) 


Real of I[j(—j)<#—@)] 
Real of I[cos (wt — a) +j sin (wt — a)] 


Hence in accordance with established convention, 7 may be 
regarded as a time operator such that 


Tj sin (wt — @) 


7 cos (wt + a) may be replaced by —sin (wt + a) 


sin (wf + a) may be replaced by cos (wt + a) (31) 


Multiplication of the complex expressions by j represents a phase 
displacement of the real component 90 degrees ahead in time. 
When impedance is expressed in complex form, the instantaneous 
values of current may be found by interpreting the operator 7 in 
accordance with the relations of equation 31. 


Appendix IIl— 


Equivalent Impedance Dyadics of Machines 
Having Any Number of Amortisseur Circuits 


In the assumed ideal case the impedance encountered by a voltage 
acting along the stationary direct or quadrature axis, is constant. 
This condition is approached in modern polyphase machines inas- 
much as the windings are balanced and arranged to minimize the 
effect of imbedding the armature conductors in slots. It is per- 
missible, therefore, to express a machine’s performance by a set of 
simultaneous differential equations, each having the form of the 
general expression; 


e = Ri+ pli+ Gipo (32) 


If there is an odd number of bars per pole, (27 + 1) representing 


n amortisseur circuits in the direct axis and x + 1 in the quadrature . 


axis, the total number of individual voltage equations will be 2” + 4. 


dy d, d, df da 


Fig. 7. Oscillogram of 350-horsepower 400-rpm 
2,200-volt synchronous motor operating out of 
synchronism 

D—Line current 

E—Slip 


F—Power 


A—Line voltage 
B—Field current 
C—Angular displacement 


Of this number 2n + 1 pertain to the amortisseur windings, 1 to 
the direct axis field, and the remainder to the direct and quadrature 
axis armature circuits. Zero phase sequence currents are assumed 
to be zero when sinusoidal voltages are impressed on the armature. 

Kron’ has shown that the 2m + 4 scalar equation can be repre- 
sented by equation 32 where: 


(1) eis a vector which denotes all applied voltages 
(2) R-i represents all resistance drops 

(3) pL-i represents all induced voltages 

(4) G-i pé@ denotes all generated voltages 


Equation 32 may be written 
e = (R+ pL + Gpo)i 
or simply 
e= Zi (33) 


Z is composed of the coefficients of the currents in the several 
voltage equations and may be written in matrix form as in equa- 
tion 34. 


Ja qo qi q2 qn 


Xy24P 


Rig + 
Xydp 


XfidP 


XaidP 


(34) 


—Xaidp0 


0 
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An inspection of equation 34 shows that it is the sum of the 
following matrices: 


1. A resistance matrix containing the resistances of all the wind- 
ings. The resistance terms appear only in the diagonal elements. 
Actually there is a small amount of mutual resistance between the 
amortisseur circuits when the bars are connected by a common end 
ring. In extreme cases where the effect of mutual resistance is 
important it may be included with the elements containing mutual 


inductance terms. 

2. An inductance matrix containing all self- and mutual inductance 
of the various circuits. This matrix is multiplied by b= d /dt where 
prefers only tocurrent. T he self inductances appear in the diagonal 
elements. The total self inductance of the nth, quadrature axis 
amortisseur circuit is denoted by Xnng. The mutual inductance 
of the direct axis armature circuit with amortisseur circuit equation 
2 is xaed, etc. 

3. A matrix Gp? composed of armature terms multiplied by pé 
or per-unit velocity. Kron*® refers to the G matrix as the torque 
tensor and to the vector Y = G-ias the armature flux density, since 
torque is obtained from the scalar product ty = i-G-i. Torque 
also may be obtained from the cross product of the current and 
armature flux linkage vectors as shown by Park. The G matrix 
is written as follows: 


%aoq | Xaig 


Xa2q 


— | —Xa2d|—Xaid |—Xafd| —Xd 0 0 


The impedance matrix and the torque tensor may be put into a 
more suitable form for tabulation by eliminating all axes except 
the ones along which voltages are most frequently impressed. All 
the amortisseur circuits are permanently short-circuited, and should 
be eliminated by reducing the matrices to equivalent ones containing 
3 axes. One axis will represent the field circuit while the other 2 
will pertain to the direct and quadrature armature circuits. The 

_resulting impedance matrix will contain elements which correspond 
to the impedances of the armature or field circuits as measured at 
their terminals with all the amortisseur circuits closed. In some 
instances it may be advisable to eliminate the field axis. When 
this is done, the matrices contain the 2 operations xa(p), xq(p), 
defined by Park.? 

Any number of co-ordinate axes may be eliminated and the equiva- 
lent matrices written directly in their reduced form from the follow- 
ing considerations: 


1. Each element of the reduced impedance matrix will be a frac- 
tion composed of two determinants. 


2. The determinant comprising the denominator will be of order n 
and will be made up of such elements as are common to the rows 
and columns to be eliminated from the original matrix. 


3. The numerator of each element will be a determinant of order 
(m + 1) and will contain the denominator as a minor. 


4. The numerator of the element in column (c) and row (r) will 
be composed of such elements as are common to row (r) and column 
(c) of the original matrix together with those of the x rows and 
columns to be eliminated. 


5. The reduced torque tensor will bear the same relationship to 
the reduced impedance matrix as that existing between the 2 original 
matrices. The G matrix is composed of all terms in the impedance 
matrix that are multiplied by p90. 

The correctness of these statements may be verified by expanding 
the determinants and comparing the results with those obtained 
when the co-ordinate axes are eliminated by means of short-circuit 
matrices or the more general short-circuit theorem.® All final 
results are identical with those obtained from the simultaneous 
solution of the 27 + 4 individual circuit equations. 

When all amortisseur axes are eliminated matrices 34 and 35 
may be expressed in terms of impedance operators as follows: 


dy 


Xaf(p)p 0 
(7 oF Xdol p)p Xq(p) pe 
—Xdo(b)pO | r + xq(b)p 


Va 


xaf(b)p (36) 


—xaf(b) £9 
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qa 


| xq(P) (37) 


0 


—%Xdo( p) 


—xaf(p) | 


The principal advantage of expressing Z in terms of 3 axes in- 
stead of 2 is that it permits the field, armature, and amortisseur 
terms to be separated. The several operators may be written in 
the following form: 


Zy(p) = Rea + xf()P 

= Rya + Xpfap + Dy(b) (38) 
xf(p) = Xa + Dy(P) (39} 
xaf(p) = Xafa + Das) (40) 
Zilb) = 7 + Xd b)P 

= r+ xap + Dadlb)p (41) 
Xdo( P) =%xX¢t+ Dao(P) (42) 
Zip) =r + xd b)P 
xp) = %q + Dd(h) (43} 
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The functions Ds(p), Das(p), Ddo(p), Da(p) contain terms which 
depend only upon the material, size, and number of amortisseur 
bars, and the configuration of the air gap. To evaluate these 
functions, the elements of the reduced impedance matrix must be 
determined. From the previous discussion it follows that the dyad 
Zf(p) may be expressed as the ratio of 2 determinants which are 
functions of p. All quadrature axis terms cancel and the final 
expression becomes: 


Rundt+X nnab % Xondp XindP Xfndp 

Xondp * RotXeap Xieap Xfoap 

XindP * Xiedp RiatXudb Xprap 
ae XfnaP > Xpfod XpiaP Ryat+X ffab (44) 

Rud+Xnnap ° Xondp Xinap 

Xonap * ReatXaap Xap 

Xindp * Xieap RiatXnuap 


Let the determinant in the denominator of equation 44 be identi- 
fied as Das(p). It is composed of the elements common to the rows 
and columns eliminated from the direct axis. 


RndtXnndb + Xonap XindP 
ae . . ; : ‘ 
as) Xondp * ReatXeandp Xap (45) 
XindP * Xieadp Ria t+Xuap 
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In the numerator of equation 44 Das(p) is a minor complimentary 
to Ryd + Xyfap. Hence from equation 38 


Rud+XnnaP Xondp Xindp Xjndp 
Xondp Rea t+Xnap Xisap Xfodp 
ee Xap Riat+Xuap Xprap 
a _ |Xnab Xjeap Xfiap 0 
P= Dina T oe 


Similar reasoning shows that the remaining direct axis operators 
may be expressed as follows: 


Rnd+XnnaP Xondp Xindp X fnaP 
Xonap > Redt+Xnap Xap XfodP 
XindP Xap RiatXuap Xprap 
XandP * Xaedp XaidP 0 

D = 

af(P) Das(P)p (47) 

Rnd +Xnnap 2 Xendp Xindp XandP 
Xondp Rogt+Xadp Xiah Xa2dP 
XindP Xy2dp RatXudp %X%aap 
x 2 

a) = 20? *s Sa a ate (48) 


The impedance of the quadrature axis armature circuit with the 
amortisseur circuits closed is 


1+Xqp XaogP XaigP Xa2gP * XanqP | 
XaogP Rog +X cogh X oigP X oagP . XongP | 
Xagh XorgP RiygtXige Xizgp * XingP | 
XaxqgP Xorxgh Xiegp Regt Xap * Xongh 
Z XangP XongP XingP XengP "Rug +X nngP 
ah) = 
~ Das(b) (49) 
From equations 43 and 49 
0 XaogP XaigP Xa2qP * XangP 
XaogP Rog +X cogh X org Xogp ° XongP 
XaigP XoigP RigtXiugh Xiqh : Xingh 
Xa2qP XorgP Xi2gP Rog +Xagp > XengP 
Df) = XangP XongP Xing Xongh * RugtXnngb 
‘ Das(b)b (50) 


Where Dgs() is composed of the quadrature axis amortisseur 
terms: 


Rog +X cogh Xoigh Xogp XongP 
XoigP RigtXigh Xixgh * Xingb 

Dys(p) = |Xorgb Xizgp RogtXeqh * Xengh| (51) 
XonqP XingP XongP XnngP 


When the field axis is also eliminated, the impedance and torque 
matrices may be written in the following form. 


In the case of matrix 36: 


Appendix |!V—Transient and Steady-State Solutions 


The basic equation for determining a machine’s performance was 
given in Appendix III as 
=. 7Ag (33) 
where e represents all applied voltages, i all currents resulting from 
the applied voltages, and Z the impedance matrix. When solved 
for the currents, equation 33 becomes 


Z-te 


(57) 


Y is an admittance matrix and is determined from the impedance 
matrix Z by calculating its inverse Z~1.8 The most convenient 
form of Z or Y will depend upon the number of currents to be 
evaluated. Suppose that Z is given by equation 36; then its in- 
verse would be as given in equation 58 where 


D = 24(p) (Zao b) Zeb) + xalp)xq(h) (pO)? — 
Xaf(p)(Zq(p)b? + xq(p)p (pe)? 


Matrices 36 and 58 are referred to as transient matrices since 
they contain the operator p. The transient currents are obtained 
in operational form when the transient admittance matrix is used 
in conjunction with equation 57. For example, let balanced sinu- 
soidal voltages suddenly be applied to the armature of a synchronous 
machine that is operating at a constant speed (p9 = 1 — s) with the 


dg da 


—Z4q(p)xaf(p)p xq(P)xaf(b) Ppa 


D D 


Z(b)Z;(P) —Zy(b)xo(b) PO 


D D (58) 


(Zs(p)xdo( bP) —Xas*(b)b)P0|Z f(b) Zao p) —xaf*(P) p? 


dy qa dy 
zat [tt ecto | ale)? | (59) Zao b)Zap) + xaolp)xa(P)(60)* 
qa |_—xap)p9_| 1 + xalb)P 2 
—xaf(b) (Zq(b)b + xe(d)(P4)?) 
da da D 
aa da 0 | xq(P) (53) xaf(p)P9|Zdo(p) — xa(h)P] 
da —xa(p) 0 D 


The operators xa(p), xq(p) are those used by Park.? xgq(p) may 
be evaluated from equations 43 and 50. xa(p) may be determined 
from matrix 36 by eliminating the field axis, or from the original 
matrix (equation 34) by eliminating both field and amortisseur axes. 
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D D 


field winding closed. The applied voltage vector is given in Ap- 
pendix I as, 


(ps cos 59 + p% sin 50) (p? cos 50 — ps sin do) 
ie eerie U1 ammmmrerprverr emi A 


esc. 
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Zai(p) = r + xa(h)p 
Xaf(p)p? 
= 3 — (54 
r + Xdo(p)p FE Teiay: ) 
xaf*(p)p 
= (X70 2) = = ee (55) 
xd(p) = Xdo(p) Rr EAE 
From matrix 34 the determinant form of xa(p) is 
Rndt+Xnndp* XendP XindP Xfndp X andP 
Xondp * Rod+Xndp XiedP X fodP Xa2dp 
XindP + Xiedp RygtXiuap Xfidp XaidP 
Xfndp * Xfeadp XfidP Ryat+X fap XafaP 
 xa(p)=— [Xonad * Xap “add XafdP tap _| 56) 
p Rndt+Xnndp* Xendp XindP XfndP 
Xondp * Rod t+Xndp Xiedp XfodP 
Xindf > Xap RidtXuap XfidP 
XfnaP > Xpodp XfidP Rfat+X fap 


Hence from equations 27, 57, and 58 the transient currents will be 


. _ Xa (b)p* 

"(pt + )D 
Zz. ; = 

(p cos 8 — ssin &)]1d; + Eada [Zq(p)(s cos 50 + p sin 60) 


ep is 
(1 — s)xq(p)(p cos 60 — Ssin 50) ]1da + (p? + 9%)D [Closes 


[—Z,(p)(s cos 50 + P sin 80) + (1 — s)xq(b) X 


(Zp(p)wao(b) — Xaf(P)P)(s Cos 60 + p sin 80) + 
(Z+(p)Zao(b) — xaf(h)b*)(P cos do — s sin 50) ]1¢a (59) 


By combining equations 54 and 55 with equation 59 the current 
may be written as follows: 
an 2 
5 as = exaf(b)p* x 
Zi(b) (bP? +5”) 
ae cos 80 + psin 60) — (1 — s)xq(p)(p cos 80 — 5 sin ‘| 1228 


Zalp)Zqp) + Xa(P)xXq(h)(1 — 5)? 
ep rarer 80) —(1—5) x¢(p) (pcos 50 — sin 9) h dot 


pe+s? Za p)Z qd) +xa(b)xq(b)(1 —s)? 


ep [ (1—s)xa(p)(s cos o0+P% sin 50) +Za(p)(p cos 50 —s sin 69) i - 
eal Zul p)Z qb) +xa(b)xq(P)(1 —s)? : 


(60) 


The last 2 terms would have been obtained in exactly the same 
form had the current been calculated from the inverse of the matrix 
of equation 52 where the field axis was eliminated. Field current 
would not have appeared. However, from equation 60 it is apparent 
that the field current bears the following relationship to the direct 
axis armature current, 


Xaf' (p)P d 
Zi(P) 


_ A similar relationship exists for any amortisseur circuit in either 
the direct or quadrature axis. 


ee Xaka(p)p 


tgdg = — id (61) 


; = 62 
tradk d Znalb) (62) 
: _  , xakalb)p 

ge ee Fa) oy 


When the field winding is closed or there is a circuit go the sign is 
positive when & is odd and negative when k is even or zero. In 
case the field is open-circuited or a circuit go does not exist the sign 
is negative when k is odd and positive when it is even. The opera- 
tors in equations 62 and 63 are determined in the same way as was 
done for the field circuit. 

The actual solution of the operational expression for current may 
be accomplished by means of Heaviside’s “expansion theorem.” 
Before the theorem is applied, numerical values must be assigned 
to the circuit constants and the terms arranged in powers of p. 
The reduced impedance matrices therefore are of no particular 
value in calculating the transient performance, as their use does not 
reduce the number of terms in the final equation. They are of some 
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assistance in grouping terms when calculating the inverse of an 
impedance matrix. 

The elimination of co-ordinate axes is decidedly worth-while in 
steady state calculations. The operators reduce from functions of 
p to single complex numbers. The performance may be expressed 
by relatively simple algebraic equations in terms of the impedance 
operators. The operators then can be evaluated in the most con- 
venient manner, and the problem reduced to one of substitution. 

The steady state currents may be obtained from the operational 
solution by replacing p by js where s is the per-unit frequency of 
the steady current. It is customary, however, to replace p directly 
in the impedance matrix. The voltage impressed along any axis is 
the sum of the impedance drops acting along that axis. If the 
impressed voltage is constant, 


c = f(p,2) 

differentiating both sides 
0 = pf(d,1) 

p=0 


When a sinusoidal voltage is impressed 


e sin (st + 50) = f(p,2) 
—s’e sin (st + 50) = p*f(p,2) 


Po ss 

If no voltage is impressed 
0 = flb,i) 

0= Pf (2.1) 


and p may have any value. 

Hence when a direct voltage is impressed on the field, or when 
voltage is impressed on the armature at synchronous speed, p is 
made zero throughout the matrix. When an alternating voltage is 
impressed below synchronism, p is replaced by js. Alternating and 
direct voltages must be impressed separately when the speed is not 
synchronous. The 2 resulting matrices are solved independently 
and the currents of slip and zero frequency are superposed to find 
the total current. Since under the assumptions the relation between 
current and voltage is linear for a given value of slip, the flux linkage 
and flux density vectors also are added in order to determine the 
resultant values. 

All matrices in which p has been replaced by zero or js will be 
referred to as steady state matrices. The impedance operators are 
expressed as functions of (js) when is replaced by js. The correct 
procedure will be illustrated by determining the steady state cur- 
rents flowing in a machine that is operating at a constant slip with 
the field excited. 

In order to have the final results appear in the most concise form, 
the component currents produced by the application of alternating 
voltages will be derived from matrix 52. When p is replaced by 
(js) and (p60) is written as v or (1 — s) the steady state impedance 
matrix becomes 


da 


Za(js) 
—xa(js)v 


da 


Xq(js)v 
Z (js) 


(64) 
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The torque tensor is from equation 52 


(65) 


da Ta 


Xd( js)v 


Ja : : - = 
Zad( js)Zq( js) +xa( js)xq(js)v?| Za(js)Zq( js) +xa(js)xq(is)v? 
: Ae) ; (66) 
The applied alternating voltage vector will be taken as 
e, = esin 6dg + e cos bqa (21) 


The currents produced by the alternating voltages are found from 
the product 


m= Y,e, (57) 
to be 
r e[Zq(js) sin 6 — x¢(js)(1 — 5) cos 5] 
*~ Zaljs)ZqGs) + xaljs)xqis\l — s)? “* 
e[Za(js) cos 6 + xa (js)(1 — 5) sin 8] 
qa (67) 


Za(js)Zq js) + xa (js)xq(js)(1 — s)? 


Making use of the relations of equations 31 from Appendix II and 
61 from Appendix IV: 
a e[r — j(1 — 2s)xq(js)|sin 6 
© Zaljs\Zq is) + xaljs)xa isl — 3)? 
e[r — j(1 — 2s)xa(js)] cos 6 
Zalis\Zqis) + xaljs)xq isl — 8)? 7° ~ 


dg + 


elr — j(1 — 2s)x(js)] sin 6 4S Xaf(Js) (68) 
Za(js)Zq(js) + xa(js)xq(js)\L — s)? Zy(js) 
These currents will be designated as follows: 
i = taida ate tna + tfids (69) 


The per-unit field current maintained by the excitation voltage 
usually is defined as the ratio of the actual field current to that re- 
quired to overcome normal armature reaction. It is expressed most 
conveniently in terms of the ‘“‘nominal’’ voltage in the direct axis, ed 


ifady = — —— da (70) 
Xafd 
The per-unit excitation voltage therefore is 
. edRfd 
e, = Eygdy = — vate d; (71) 
Xafd 


When the signs of e sin dda + e cos 6qa are positive that of Eyfa 
must be negative and vice versa in order for 5 to be approximately 
zero when the motor operates in synchronism without load. 

The steady components of current resulting from the application 
of field voltage may be determined from matrix 36. When p is 
replaced by zero and p@ by v or (1 — s), the impedance matrix and 
torque tensor reduce to the following: 


dy dy, da 
0) | 6) x 

ie | | ‘ (73) 
Qa —Xafd =X 0 


June 1936 


The admittance matrix is the inverse of that of equation 72 


dy dy Va 


dy ze 0 0 
Rea 
—Xafd%eg(1—s)? r —xX(1—s) 

Y, = 74 
neds Rya(r? +x a%q(1 —s)?) |r? +x axq(1--5)? 7?-+-xqxg(1—s)? va 
rXafd(1 — s) xg(1 — s) r 
92 Rar? +.xa%q(1 —s)?) |r? +xaxq(1 —s)?| 7? +xGxq(1—s)? 


The currents resulting from the excitation voltage are found by 
taking the product of equations 71 and 74 


= Yo" e2 (57) 
€qXq(1 — s)? ear (1 — s) ed 
h= a a= Ja — —— of (75) 
v2 + xaxq(1 = Ss)? r? -+- xqxq(1 — s)? Xafd 
These currents also will be referred to as 
t = tdrdg + 19% =F tfod, (76) 


The total steady state current flowing in the armature and field 
circuits of an excited machine operating below synchronism is the 
vector sum of equations 69 and 76 
t= (ta + ta2)da + (tq + 1g2)Ga + (tf: + tf2) df (77) 


The flux density vector resulting from currents 4; is found from 
equations 67 or 68 and 65 by the product 


y= G, 20h 
iy e[r — j(1 — 2s)xa(js) xg(js) cos 6 
' Za js)Zq( 5s) + xajs)xqis\(1 — 5)?” 
e[r — j(1 — 2s)x¢(js) Jxa(js) sin 6 (78) 
Za(js)Zq(is) + xaljs\xq( isd — 5)? 7 
which is equivalent to 
Yi = tmxXg(js)da — taixa( js) Qa (79) 


Thus the component of the armature flux density vector acting 
along the direct axis is composed of the quadrature axis armature 
flux linkages, whereas the quadrature axis flux density vector is 
composed of the armature flux linkages in the direct axis. (When 
the voltages due to the rate of change of the armature phase linkages 
are resolved along the direct and quadrature axes, components of 
voltage appear along these axes that are proportional to the product 
of velocity and the quadrature and direct axis armature flux link- 
ages, respectively.2 Mathematically, these voltages may be re- 
garded as generated voltages proportional to the product of velocity 
and flux density. A physical analogy between flux density and 
flux linkages cannot be extended to include the flux in the leakage 
paths or that associated with inductance external to the machine.) 
¥, also wiil be designated as follows, 


vi = vada + Yada (80) 


From equations 73 and 75 the flux density vector produced by 
currents & is 


—earxg(1 — 5) eq r? 
= d 
a r2 + xaxg(1 — s)? * : r? + xqxq(l — s)? a oy 
The usual, but less accurate form is 
v2 = tgexqda — (tfeXafd + ta2Xa) Ma (82) 


Referring to the direct axis component of y. as Wd. and the 
quadrature component as Yq, 


Yo = Wands + Vnqa (83) 


The total armature flux density vector produced by all currents 
flowing in the machine is the vector sum of equations 80 and 83. 


Y= (ba + Yar)da + (Ya + ver)aa (84) 
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Appendix V—The Form of the . 
Steady State Power and Torque Equations 


The armature power of a machine operating continuously out of 
step with the field excited is obtained from the product 


P=ert (13) 
where, 
e = esin dd, + e cos 59a (21) 
i = (in + ia)da + (in + te)a + (ifr + ipa) dy (77) 
Hence, 
P =e(ia + ta) sin 6 + e(ta + tq2) cos 5 (85) 


The components of current due to applied alternating voltages will 
be obtained from equation 68 in the following form: 


ia = e(a — jb) sin 6 (86) 
ig = e(a’ — jb’) cos 6 (87) 
Substituting the relations of equation 31, 

ig = e (asin 5 — bcos 4) (88) 
ig = e(a' cos 6 + 0’ sin 8) (89) 


The total instantaneous per-unit armature power may be written 
in the following form by substituting equations 88 and 89 in equa- 
tion 85 


is (Gast) 
2 


(b — b’) 


e 9 sin 26 — e? 


(a — a’) 
ee 2 


cos 26 + 
€td2 Sin 6 + etg cos 6 (90) 


Instantaneous torque is obtained similarly from the product. 


T=i-y=i-G-i (91) 

Where 7 is given by equation 77 and 

Y = (Wa + Yar)da + (va AF a2) % (84) 
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Hence, 
T = (tava + tava) + (ta2va2 + tq2hq2) + 
(tad: + tara) + (ighge + tga) 


The armature flux linkages due to impressed alternating voltages | 
obtained from equation 78 will have the form: 


(92) | 


va = e(c — jd) cos 5 (93) 
va = —e(e’ — jd’) sin 6 (94) | 
From equation 31 

va = e(c cos 6 + d sin 5) (95) 
va = e(d’ cos 6 — c’ sin 4) (96) 


By substituting equations 88, 89, 95, and 96 in equation 92, the total 
instantaneous per-unit torque of a motor operating out of synchro- 
nism is obtained in the following form: 


2 
-(ad + a'd’ — be — b’c') + ; (ac + b’d’ — bd — a'c') sin 26 


2 
— 5 (ad + be = bie! — ad’) cos 26 + (ashes + tga) + 


(a waz + dig, + b’ Wa — cig) sin 6 — 
e(bpa, — Cla — a'Yqa2 — d'ig) cos 6 (97) 


The component of torque tdWde + tawWq will be referred to as 
braking torque. It may be written as follows by substituting values 
from equations 75 and 81 


ear (1 — s)[r? + x1 — 5)?] 


in 98 
4 [r? + xaxg(1 — 5)? ee 
Near synchronous speed, when 7 is small, 

Gi No r 
fg || oe om 99 
: (2) Gis) 4 
The value of Tz is a maximum when 
if Qxg" — 14x¢x 9x2)'/2 — 3(xg — xq) |'” 
es | axq + q) (xa %Xq) (100) 
Se 2xq 
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Power Transformers wit 
Concentric Windings 


The influence of basic engineering princi- 
ples on the evolution of the concentric wind- 
ing type of high voltage power transformer 
during the past 2 decades is discussed in 
this paper with particular reference to 
55,000 kva water cooled transformers 
which will step up 16.3 kv to 287.5 kv at 
the Boulder Dam power plant. 


By 
K. K. PALUEV General Elec. Co., 
MEMBER A.1.E.E. Pittsfield, Mass. 


a Ae influence of basic engineering 
principles on the evolution of the high voltage power 
transformer structure may be illustrated by recently 
built single-phase 16.3 to 287.5 kv 55,000-kva trans- 
formers, described by figure 1 and table III, which 
are good examples of modern design. Except for their 
unusually high rated voltage, these transformers 
are typical of present power transformer practice. 
These transformers are provided with electrostatic 
shields to increase their transient voltage strength, 
concentric coil windings, electrically brazed conduc- 
tor joints, adjustable clamps, double-weld bottle- 
tight tanks, and other essential features. 

The transformers, which are now installed at the 
power plant end of the Boulder Dam-Los Angeles 
987.5 kv transmission line, were shipped, with a 
special tracer, across the United States in specially 
built tank cars filled with nitrogen. A large part of 
the trip was made at 60 miles an hour. The first 
unit was installed and made ready for service in 30 
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hours after arrival of the car. (figures 12, 13, 14 
and 15.) 

The transformers installed at the other end of the 
line are described in a companion paper by W. G. 
James and F. J. Vogel (ELEc. EncG., v. 55, May 
1936, p. 438-44). 

The modern power transformer is superior to its 
predecessor in so many respects that it is quite 
impossible to express the degree of over-all improve- 
ment by a single quantity or a statement. For this 
reason the progress is illustrated by comparison of 
a number of essential characteristics (table I). The 
comparison is made between single-phase 110-kv 
modern power transformers and transformers of the 
type shown in figure 2 having the same ratings but 
built some 20 years ago. 

Improvement in transformers has been achieved 
through correlated progress in 5 basic fields of en- 
deavor: 


I. Calculation. Accurate analytical determination of all im- 
portant electric, magnetic, thermal, and mechanical phenomena 
taking place in a transformer. 


Il. Structural Harmony. Choice of a type of transformer structure 
where requirements imposed on the configuration, position, and 
proportion of various structural elements by various forces and 
other operating factors harmonize with one another. 


Ill. Stress Distribution. Devising a structure where mechanical, 
electrical, magnetic, and thermal stresses are distributed more 
uniformly and high local stresses are reduced to a minimum, with 
corresponding increase of safety factor. 


IV. Materials. Improvements in magnetic steel and insulating 
materials and their testing. 


V. Manufacturing. Improvement of methods and facilities. 


CALCULATION 


Accurate analytic determination of all the essen- 
tial effects of physical phenomena taking place in a 
transformer is of prime practical importance, be- 
cause factory tests prescribed by A.I.E.E. standards 
determine only over-all or average performance of 
the apparatus. The tests give no indication of the 
distribution of stresses throughout the structure or 
of their local effects, whereas damage and even 
complete failure of apparatus in service commonly 
start by local overstress developing into more general 
damage. Local stresses in the old type have often 
been many times greater than the average stress. 

To determine and insure the uniformity of mag- 
netic, dielectric, thermal, and mechanical stress dis- 


649 


tribution, an engineer designing a modern large high 
voltage transformer is obliged to perform up to 1,300 


separate calculations. 


This is in spite of the fact 


that he is provided with full engineering data, ac- 
cumulated through years of research and service 


Table |—Comparison of Modern Transformers With Trans- 
formers of 1912-15; Capacity Range 2,500 to 6,667 Kva 


Per Cent Object of 
Reduction Improvement 
Losses a ' 
kilovolt- conomy fo} 
\ ae of 22 operation 
No load loss per kilovolt- 
ampere ’ 44 
Total loss per kilovolt- f 
ampere 32 
Load or copper loss per Increase in re- 
pound of copper at cur- liability 
rent densities actually 
employed 42 
No load or iron Joss per Increase in re- 
pound of iron at flux liability 
densities actually em- 
ployed 25 
Insulation 
Operating frequency volt- 
age between adjacent 
coils of the same wind- 
ing 90 or more Reliability 
Maximum impulse voltage ee 
between turns 97 or more Reliability 
Maximum impulse voltage ica 
between coils 99 or more Reliability 


Deterioration of insula- 
tion, during tests due 
to corona under oil 


A. 1.E.E. impulse test 

Impulse insulation 
strengths between turns, 
coils, and to ground 
are co-ordinated with 
bushing impulse strength 


Impulse voltage distribu- 
tion 


Over-all impulse or tran- 
sient voltage strength 


Resistance to unavoidable 
short-circuit force 

Resistance to unavoidable 
forces due to rush of 
magnetizing current 

Avoidable forces due to 

short-circuit or magnetiz- 
ing current rush 

Distribution of magnetic 
forces 


Coil temperature 


Hot spot in winding 


Local high copper loss in 
windings 

Current distribution be- 
tween parallel conduc- 
tors 


Core temperature 


+ 


Modern 


Old 


Corona absent; 
more uniform 
and low gra- 
dient 

Required 

Yes 


Practically uni- 
form due to 
shielding 

From 2 to 10 
times higher 
than old 


Ample 


Ample 


Avoided 


Practically uni- 
form 

Practically uni- 
form 

Within 10 deg 
C (or less) of 
average 

Absent 


Uniform due to 
thorough 
transpositions 

Uniform due to 
dividing the 
core into large 
number of 
small parallel 
sections 

Bottle - tight 
double-welded 


Corona present 


Not considered 
No 


Extremely 
nonuniform 


Insufficient 


Insufficient 


Present 


Very nonuni- 
form 

Essentially 
nonuniform 

Within 25 deg 
C of average 


Present 


Not uniform 


Less uniform 
due to small- 
er number of 
sections 


Not 
tight 


bottle 


Elimination of 
deterioration. 
of insulation 
(aging) 

Reliability 

Reliability 


Reliability 


Reliability 


Reliability 
Reliability 


Reliability 
Reliability 
Reliability 


Reliability 


Reliability 


Reliability 


i 


Fig. 1. Assembled core and coils of 16,320 to 
287,500-volt grounded-wye 55,000-kva 60-cycle 
single-phase water-cooled transformer 


experience, and covering in systematic order every 
detail of the structure. 

The need for precision in these calculations cannot 
be reduced by mere addition of material. It can be 
easily shown, for example, that both the temperature 
and loss in windings can be increased by increasing 
the cross section of the winding conductors, if they 
are not properly proportioned. Also, in the applica- 
tion of a lightning impulse to a transformer, in- 
creasing the insulation between turns or between 
coils may increase the impulse voltage stress between 
them, nearly in proportion to the increase in the 
strength of the insulation. Furthermore, it has 
been demonstrated that the use of stronger di- 
electric materials can cause apparatus to fail at a 
lower 60 cycle voltage as the result of less uniform 
voltage stress distribution. 

Methods have been developed for calculation, with 
the necessary precision, of local stresses produced in 
transformer structures by short-circuit forces, rush 
of magnetizing currents, transient voltages, and 
heating. 

The reactance between a pair of windings, or, in 
case of multiwinding transformers, of any combi- 
nation of windings, can be calculated with such ac- 
curacy that successful multiple operation with trans- 
formers of radically different types and proportions 
can be assured. For instance, a few years ago a 4- 
winding concentric-type transformer was built for 
multiple operation on all 4 windings with a trans- 
former of the same voltage rating, but of interleaved 
design. Since several windings had taps, and since 
the reactances of the original transformer on different 
tap connections were quite different, it was necessary 
to match 114 reactances. This was accomplished 
successfully using available formulas. 

The temperatures of different turns of the same 
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Fig. 2. Typical 
high voltage 
power transformer 
of 1910-14 

period 


winding may vary widely, depending on the amount 
of turn insulation, insulating tape, eddy currents, 
and dimensions of coils and oil ducts. To assure 
proper temperatures for all turns, the effect of all 
these factors must be determined for every part of 
every winding under all desired load conditions. 

Surface as well as internal temperatures of every 
part of the core and of every turn of the windings 
may be computed accurately by methods now avail- 
able. 

Inasmuch as in multiwinding transformers the 
magnitude and the distribution of eddy loss in the 
windings depend not only on the magnitude of the 
loads but also on their power factors, as they affect 
the leakage flux distribution, eddy loss formulas 
must take these facts into account. 


STRUCTURAL HARMONY 


The basic problem in the design of any structure is 
finding a construction where requirements imposed 
on the shape, size, and disposition of its members 
by different forces and operating characteristics are 
in harmony with one another. This has been the 
principal factor in the evolution of the basic features 
of the present circular concentric coil transformer 
construction, which first came into important use 
about 20 years ago. 

It has been found that with a concentric arrange- 
ment of windings an extraordinary harmony exists 
between the requirements imposed on the structure 
by physical laws of transient voltages, short-circuit 
forces, heating, losses, and reactances. The impor- 
tance of this fact increases with increase in trans- 
former size and rated voltage as may be seen from 
the following 7 examples. a: 

Requirement of short-circuit forces versus cooling 
method. Magnetic forces resulting from short cir- 
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cuit can be divided into 2 classes, those which can 
be avoided by a suitable choice of construction and 
others which are present in all constructions. An 
unavoidable force is the force / tending to separate 
primary and secondary. With rated voltage main- 
tained at the terminals of a winding feeding the short 
circuit, the magnitude of F, depends only on the 
operating frequency f, transformer rated kilovolt- 
amperes, its reactance x, and the effective distance 
d, between windings. Approximately, 


kva 1 1 


F, = 11.7 j . L 103 pounds 


In large 60 cycle transformers, F, ranges between 
400,000 and 1,500,000 pounds. Depending on the 
point of the current wave at which the short circuit 
takes place, this force hammers the transformer 
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Fig. 3. Distribution of leakage flux density, eddy 
current loss, and short-circuit force between turns 
in concentric winding transformer 
In the top diagram, arrows indicate the flux density, vertical 


lines the eddy current loss, and crosses the short-circuit forces 
developed in individual conductors 
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windings either 


LA <== at operating 
c frequency or at 
ie double the 
ee operating fre- 
LLP — uency. 
Zima aii ese In the case 
ZO of concentric 
a windings, FP, 
A tends to crush 
the inner wind- 
The helical winding ing against the 
(et left) is for ar core and to 
i rrents, an : 
sae eae in expandradially 
parallel. Position of the outer wind- 
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of total turns shown no pressure on 
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tenth by b, etc. I ie 
Disk winding ae 
(above) is forlower Of windings, 
currents, and uses 2 Short-circuit 
strands in parallel forces tend to 
and 3 turns per disk end) scondace 
4 tors between 
Fig. 4. Perfect transpositions of cOn- snacers. The 
ductors in concentric windings force Gana 
mum on the 


turns nearest to the opposite winding, and is a 
minimum on the turns farthest away. The ratio 
of the maximum to the minimum force is propor- 
tional to the number of conductors in a given 
winding in the direction of the force (figure 3). 

In the concentric coil type, the conductors having 
the maximum force are reinforced by the other con- 
ductors in the same coil. As may be seen in figure 3, 
they all lie tightly together without any oil spaces 
between them, in the direction of the force which is 
in the plane of the coil. Cooling of each coil is ac- 
complished by oil flow on all 4 sides of it, but not 
between its conductors. Furthermore, it is obvious 
that circular coils resist balanced radial forces much 
better than any other shape. There is no failure on 
record where either the inner or outer winding of a 
concentric type transformer was distorted by this 
force. 

The outside winding of a concentric arrangement 

does not need any radial braces for resisting F; 
because the latter tends to hold it concentric with the 
inner winding, and the tensile strength of the con- 
ductors is ample to resist the radial expansion. 
The radial spacers are provided to preserve the 
desired minimum distance between windings and to 
keep the insulating cylinders in place. 
_ To secure the desired strength for the inner coil 
in a concentric arrangement, the necessary number of 
braces, or axial spacers, is placed between the winding 
and the cylinder it is wound on, also between the 
cylinders and the core leg. Any number of such 
spacers can be used because their blanketing of the 
inner surface of the winding deprives it of only a 
small part of its radiating surface, which is provided 
principally by horizontal ducts. 

Thus, requirements for short-circuit strength and 
the cooling methods employed are in harmony in the 
concentric design. 
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Major insulation versus avoidable short-circutt force. 


| 


Generally speaking, in high voltage transformers, 
distances from the ends or edges of the high voltage » 
winding to the core are much greater than they are in . 
the low voltage winding on account of the difference : 


in the insulation allowances. 


If no other considerations were involved, dimen- » 
sion L of the low voltage winding, in the direction of 
the leakage flux, could be made correspondingly © 
greater than that of the high voltage winding, thereby » 


improving the space factor of the structure. 


However, analysis of, the distribution of short-. 
circuit forces in transformers, in general, shows that | 
wherever one winding extends beyond the other in | 


the direction of the leakage flux, the force tends to 
tear away such an extension. On this account the 
dimension L of all windings should be kept the same 
(figure 3). 

In high voltage concentric windings the above rule 


f 
{ 


harmonizes with the insulation structure because for 


the sake of securing maximum dielectric strength the 
high voltage line terminal is brought to the middle 
of the stack with the winding progressing to the 


grounded neutral terminal in 2 parallel paths, one to 


the top and the other to the bottom end of the stack. 
The insulation allowances for these ends do not 
differ materially from those of the low voltage wind- 
ing. Both windings, therefore, can be made of the 


same length, thereby not only preventing develop-— 


ment of the above force but also permitting maximum 
use of the winding space. 

Short-circuit forces versus eddy current.loss. The 
eddy current loss in a conductor may become im- 
portant not only from the standpoint of increase of 


total load loss, but also from the local heating that 


it may produce in turns nearest to the opposite 
winding. The eddy current loss in those turns per 
pound of copper is 3 times as high as the average 
per pound for the entire winding. Thus, if the aver- 
age in a winding is 10 per cent of J?R the eddy cur- 
rent loss in conductors nearest to the opposite wind- 
ing is 30 per cent of their [?R. 

Eddy current loss is proportional to C? (C is the 
dimension of the conductor in the direction of short- 
circuit force F,). Therefore, 
to reduce eddy loss, the con- 
ductor of a given cross section 
must have a small C. How- 
ever, the beam strength of a 
conductor is also proportional 
to C? and therefore it reduces 
at the same rate as the eddy 
current-loss. In the concen- 
tric construction this is of no 
consequence as the tendency 
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Fig. 5. Approximate distribution 
of electrostatic field produced by 
impulse or operating voltage in 
top half of concentric windings 


with shield 


Bottom half is mirror image of top. 
Note that low voltage winding floats in 
the field of correspondingly low potential 
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to bend the first conductor is resisted by the com- 
bined strength of all conductors of a given coil, which 
is ample. Therefore, C can be made, even in large 
transformers, less than 0.1 inch, thereby giving eddy 
current losses of less than 3 per cent. Thus, re- 
quirements of eddy current loss and short-circuit 
strength do not conflict in windings arranged con- 
centrically. 

Transpositions versus short-circuit force. One of 
the common methods for reduction of eddy current 
loss consists of “‘splitting’’ the conductor in a direc- 
tion perpendicular to C into n parallel strands 
insulated from each other and properly transposed 
among themselves. The eddy loss in the case of a 
perfect transposition is 1/n? of that existing without 
transpositions. 

In the concentric construction, because the strands 
or turns of each disk coil offer a combined resistance 
to short-circuit force, the conductor can be divided 
into practically any desired number of parallel 
strands. Therefore, the number of parallel strands 
is determined by the selection of their C dimension 
small enough to make eddy current loss as low as 
desired. Conductors carrying several hundreds or 
thousands of amperes are subdivided into 10, 20, or 
even more strands. 

Some of the methods used for transpositions in low 
and high voltage windings are shown in figure 4. 
These methods insure uniform distribution of current 
among the strands. 

In concentric windings, neither short-circuit forces 
nor any other factors conflict either with transposi- 
tions or with the choice of a sufficiently large number 
of strands. 

Reactance versus dielectric strength. Requirements 
imposed on construction by these 2 principal factors 
of design harmonize in concentrically arranged 
windings. 

Operating experience on power systems has es- 
tablished, for transformers of various ratings, certain 
preferred values for short-circuit reactance. The 
problem of a designer is to get the desired reactance 
with the minimum amount of material and with the 
minimum sacrifice of other operating characteristics. 


Fig. 6. Top end insulation and adjustable clamps in 


55,000 kva transformer; pressure exerted by 
clamps on winding exceeds 100,000 pounds 
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Fig. 7. Method of observation of oil surface for 
corona bubbles during induced voltage test of 575 
kv from line terminal to ground on 55,000 kva trans- 


formers; cover is raised 1 inch 


Transformer reactance, for given kilovoit-amperes 
and frequency, is directly proportional to 
X = = NY 
where WT is the effective cross section of the leak- 
age flux path, W is its effective width, L is its effec- 
tive length, and N is the number of turns in the 
winding considered. 

The designer’s problem consists of finding propor- 
tions and distribution of windings that will give mini- 
mum WT and maximum L. This permits N to be 
correspondingly large, which means that the core 
cross section can be made proportionately smaller, 
which in turn results in a lighter, more efficient 
transformer. In the concentric design, LZ is essen- 
tially equal to the height of the winding stack 
(figure 3). 

The general expression for the effective width 
iS 
G+ Co 


ya(a+o 


) + (Kid: + Kode) 

where d, is the distance between windings. The 
quantity C: + C, is the total distance, in a direc- 
tion perpendicular to the flux, occupied with con- 
ductors of both windings, and (Kid, + Kyd,) is the 
total effective distance in a direction perpendicular 
to the leakage flux occupied with ducts between 
conductors. The factors K, and K, depend on the 
number of such conductors in each winding. 

The value of W is smallest in concentric trans- 
formers because (Kid, + Kod) is completely absent 
in this type. 

As this factor increases with increase in trans- 
former size and voltage, its complete absence in the 
concentric design is particularly important in large 
high voltage transformers. It is absent in the 


concentric construction becatise in such windings 
the cooling and insulating ducts between coils are 
perpendicular to the direction of the flux and there- 
fore do not add to the width W of the leakage path 
but add to its length L, thereby helping the designer 
to keep WT/ZL small. ‘ 

In transformers of the concentric type with 
grounded neutral, L is independent of the rated 
voltage since the ends of high and low voltage wind- 
ings can approach the top and bottom core yokes 
within 2 inches or so, irrespective of the value of the 
induced voltage and impulse tests of the high voltage 
winding. Therefore, full advantage can be taken of 
the height of the core window. 

Transient voltage strength and reactance. Inductive 
windings develop high local voltage stresses when 
subject to transient voltages. The stresses produced 
by transient voltages are so severe that they dictate 
the choice of insulation allowances throughout a 
modern transformer structure. An effective means 
for radical reduction of this transient voltage con- 
centration is the use of electrostatic shields consisting 
of conducting surfaces properly proportioned and 
insulated, placed near the winding and connected to 
its line terminal. To make shielding practical it is 
essential that the winding be substantially uniform 
and accessible to shielding along its length. 

A helix is an ideal form of winding for such a pur- 
pose. It is uniform and its conductor has small 
radial dimensions. Transformer windings, when con- 
centrically arranged, for all practical purposes possess 
the important characteristics of a helix; they are 
essentially uniform and have small radial build. 
Every part of a high voltage winding is accessible to 

shielding. 

In this type of construction, shielding is in har- 
mony with requirements of reactance, short circuit 
strength, eddy-current loss, and cooling, as they all 
are better satisfied in a tall uniform winding of small 
radial build, located concentrically. 

Shielding of high voltage windings versus transient 
voltages in low voltage winding. It has been shown 
that the impact of an impulse on the terminals of a 
high voltage winding produces transient voltage 
stresses in the low voltage winding which can be 
resolved into 4 components: 


Pure electromagnetic. 
Pure electrostatic. 
Essentially free oscillation of low voltage winding. 


: Essentially forced oscillation of low voltage winding produced 
y essentially free oscillation of the high voltage winding. 


te Oa LOR 


1. The electromagnetic component produces the 
same voltage at the low voltage terminals of all 
transformers having a given short-circuit inductance 
and turn ratio, irrespective of their construction. 
This voltage distributes uniformly along the low 
voltage winding and produces potential differences 
between turns and between coils, inversely propor- 
tional to their number. 

2. The voltage produced by the electrostatic 
component at a given point of the low voltage 
winding is proportional to the ratio of electrostatic 
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capacitances of that point to the high voltage wind- ' 


ing and to the core (figure 5). 


If Cy is the capacitance of a given point of the low » 
voltage winding to the core, C; its capacitance to | 
the nearest high voltage coil, and Envy the voltage : 
of the high voltage coil at the moment of impulse 
impact, then the voltage of the low voltage coil . 


C 
Evy = Env ALG (approximately). 


In the concentric construction, C, and Ci can be 
replaced with reciprocals of d, and d;, the spacings 


Fig. 8. 
tion of oil in 
windings of con- 
centric construc- 
tion as found by 

test 
At points where oil 
eddies it is com- 
pletely renewed in 
29 or 3. minutes. 
Inner winding indi- 
a cated by a, outer byb 


CELE: 
LEED 


mas 


between the low voltage windings and the core, and 
between the low voltage winding and the high voltage 
dy 


Circula- | 


winding respectively, so that Ezv = d+ doe" | 


As d, is proportional to the insulation strength be- 
tween the low voltage winding and the core and d; 
to that between the high voltage and low voltage 
windings, it follows that the transient voltage, in- 


duced electrostatically in the low voltage winding, — 


is practically proportional to its insulation strength, 
and remains essentially the same no matter how high 
the rated voltage of the high voltage winding may 
be. This advantage is unique with concentrically 
arranged windings. 

3. Generally speaking, voltages produced by 
the electrostatic components are likely to be the 
highest of all 4 components. In power transformers 
they last for from 1 to 3 microseconds or so. Then 
they begin to collapse, thereby producing free oscilla- 
tion of the windings. On account of the relatively 
close electrostatic and electromagnetic coupling be- 
tween windings, neither winding can have truly 
“free’’ oscillation, unaffected by the presence of 
other windings. However, in the entire phenomena 
of voltage transients of each winding, there is one 
component which is controlled principally by the 
constants of that winding, and, on this account it is 
thought of as an essentially free oscillation of the 
winding. 


° 


If the transient voltage applied to the high voltage 


winding happens to be oscillatory and of a frequency 
within 40 per cent of the natural frequency of the 
low voltage winding, extremely high stresses may be 
produced there. In the case of an impulse wave like 
the 11/, x 40 wave applied to a high voltage winding, 
the stresses in the low voltage winding, due to its 
free oscillation, seldom exceed those electrostatically 
induced in the coils nearest to the high voltage line 
coil. Shielding of the high voltage winding reduces 
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the voltage gradient along the low voltage winding 
produced by the electrostatic component. For this 
reason, it also reduces the amplitude of free oscilla- 
tions of the latter. 

4. If the high voltage winding is not shielded, 
the impulse or other types of transient voltages 
applied to it produce in it violent oscillations which 
naturally force other windings to oscillate. 

. Conversely, if the high voltage winding, in con- 
centric construction, is shielded, then its free oscilla- 
tion is practically eliminated. In such a case the 
fourth component is eliminated from the low voltage 
winding transient. Thus internal voltages produced 
in the low voltage windings by the last 3 components 
are materially lower in shielded concentric windings 
than in other types. 


III. UNIFORMITY OF STRESS DISTRIBUTION 

Whenever a force applied to a structure cannot 
be reduced to a negligible value, such as the short- 
circuit force or a lightning impulse, for example, effort 
must be made to distribute the stresses as evenly as 
practicable thoughout the mass of material. 

This has been accomplished in the concentric 
transformers described here. Stresses produced by 
short-circuit current, magnetizing current, transient 
and operating frequency voltages, and load and no 
load losses are distributed essentially uniformly 
throughout the respective elements of the structure. 
Two goals are attained thereby: first, the materials 
are stressed to lower values, resulting in proportional 


Fig. 9. Core of 55,000 kva transformer 


Core legs and yokes are subdivided by oil ducts into 14 
parallel cores to facilitate cooling and to reduce losses. 
Insert shows section of core leg 
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increases of the respective safety factors, and 
second, by bringing the maximum and average 
stresses nearer together, the significance of the 
A.I.E.E. tests measuring average or over-all per- 
formance is brought nearer to that intended. 


Fig. 10. Standard 
tank welds 


Principal welds ‘ 


QS 


AY 


shown in black; 
welds and _ plates 
used for test with 
gas pressure of 300 
to 500 pounds per 
square inch shown 
crosshatched. 
Welds are placed 
far apart to prevent 
accidental closing of 
gas passage. Gas 
passages are exag- 
gerated 


A—Vertical seam; B—NMiddle horizontal seam; C—Bottom; 
D—Drain pipe; E—Hole for test plug 


Uniformity of short-circuit stresses. By virtue of 
the circular shape of coils in concentric construction, 
the radial stress is uniformly distributed around the 
circumferences of both windings. The inside winding 
is braced against the core leg all around, but circum- 
ferential uniformity of the force reduces pressure on 
these supports to a minimum. Outside windings 
under the stress tend to expand radially, but uni- 
formity of the stress distribution prevents any asym- 
metrical deformation or displacement, while the ten- 
sile strength of the copper prevents expansion. 

Local high stresses produced by axial forces in con- 
centric designs are created (a) by difference in the 
distribution of ampere-turns along the 2 windings, as 
may be produced by taps, (0) by asymmetrical dis- 
tribution of turns with respect to the middle hori- 
zontal plane, and (c) by a difference in lengths of the 
windings. 

Stress concentration resulting from the first cause 
is reduced to negligible values by tapping out turns 
at 2 points in the winding, generally at 1/, and */, 
of the stack height and by proper balance of ampere- 
turns of the other winding at the same levels. Stress 
concentration due to asymmetry is eliminated com- 
pletely by distributing the turns symmetrically. To 
avoid concentration of stress due to the third cause, 
windings are made of the same length. 

With the present day precision in manufacturing, 
the heights of 2 windings and their symmetry are 
produced within a small fraction of an inch. How- 
ever, to secure ample safety factors, clamps at the 
ends of the windings are designed on the assumption 
of the presence of force that could be created only 
by the dissymmetry of from 1 to 2 inches, depending, 
on the transformer’s size. For example, due to such 
an assumption, the windings and clamps in the 
Boulder Dam transformers are designed to resist 
forces in excess of 100,000 pounds. Furthermore, 
to prevent vibration of the windings under short 
circuit stresses, clamps are pressed by adjusting 


655) 


studs, against the windings with forces considerably 
in excess of the assumed short circuit forces (figure 6). 

Uniformity of transient voltage stresses. Since 
1929 so much has been written about stresses pro- 
duced in transformers by transient voltages that it 
is sufficient to mention here only the basic facts. 
Transient voltages may cause failures of trans- 
formers not so much because their amplitudes at 
the transformer terminals greatly exceed the normal 
operating voltage, but because of their faculty of 
concentration in a small portion of the winding. 
For example, the 60 cycle rated voltages of a trans- 
former may produce 400 volts between 2 points in 
the winding, while the application of an impulse wave 
of the same amplitude may create 20,000 volts be- 
tween the same 2 points. As the amplitude of a 
lightning wave may be 10 or even 15 times higher 
than the rated 60 cycle voltage, the lightning voltage 
between the 2 points may be 200,000 to 300,000 
volts, or 500 to 750 times normal. 

The cause for this uneven voltage stress is the un- 
favorable distribution of electrostatic capacitance 
of the winding, which is common to all transformer 
windings. This distribution of the capacitance can 
be corrected, in concentrically arranged windings, 
by proper electrostatic shielding, eliminating serious 
voltage stress concentration. 

The practical importance of electrostatic shielding 
of the windings may be measured by the fact that 
since the introduction of shielding in practice in 1927, 
over 4,000,000 kva of large power transformers 
have been built with shielded windings. None of 
these windings has failed. Shielded windings are now 
used in power transformers of 44 kv and higher for 
wye and delta operation. 

Umiformity of operating frequency voltage stresses. 
Unless the dielectric field created 
by normal frequency voltage is 
sufficiently uniform, local break- 
down of oil and subsequent dam- 
age to solid insulation may occur 
during A.I.E.E. insulation tests. 
Before such a breakdown occurs 
the incipient failure is evidenced 
by corona formation. The pres- 
ence of corona during insulation 
tests is significant for 2 reasons: 
first, the insulation may be per- 
manently impaired (see table II), 
and second, it demonstrates the 
presence of abnormally high local 
Stresses. 

The table indicates that a fresh 
sample will stand for one minute 


Fig. 11. A 287.5-kv 400- 
ampere oil-filled bushing 
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Fig. 12. Assembled core and coils of 55,000 kva 
transformer being loaded into special tank car, 
which will be filled with nitrogen gas for shipment 


without failure about 95 kv. Thus, if corona is dis- 
regarded, such insulation might be used, for an 
operating voltage of between 95/2 = 42.5 kv and 
95/3.46 = 27.4 kv without full appreciation of the 
potential danger. 

In the case of an operating voltage of 42.5 kv, 
the insulation would have been exposed during the 
induced voltage test to 7,200 cycles at 95 kv (27) 
minutes at 60 cycles) and would be subject to 
failure under operating stress in less than 47 days. 
In the case of an operating voltage of 27.4 kv and 
test of 95 kv, it is estimated from the table that 
failure would probably occur in from 3 to 5 years. 

It appears that corona may stress insulation, so 
to say, above its “‘elastic limit.”’ The damage done 
then is permanent and failure of such insulation is 
only a matter of time. As it was once aptly put, 
“corona is a cancer of insulation.’”’ As long as the 
corona point is not reached at the test voltage, the 
“elastic limit’? of the insulation is not exceeded, 
and there is no residual effect from the insulation 
test and the life of the insulation is indefinitely 
long. 

Effect of corona on turn insulation. Wherever 
corona appears next to the winding, it attacks not 


Table Il—Effect of 60 Cycle Corona on Puncture Strength of 
Pressboard Under Oil : 


Times to Failure 


Samples Previously 

Samples Previously Exposed to 80 Ky 
Exposed to 80 Ky 
for 2 Minutes; 


Visible Corona 


for 2 Minutes 
Without Corona; 
Visible Corona 


Fresh Samples; 
Visible Corona 


Voltage Starts at Starts at Starts Above 
Held, Kv 62.5 Ky 62.5 Kv 80 Ky 
LOO nee Inte wens Instantaneous..... More than 3.5 minutes 
SOM ater 2.3 minutes...... OS2iminite eee More than 5 minutes 
SOD. e 3.5 minutes...... 1.4 minutes...... 105 minutes 
TOs eee 5.0 minutes...... 2.2 minutes...... No failure after 360 
minutes 
Gb ene 9.0 minutes...... 2.5 minutes...... No test 
OOzow ces 130.0 minutes...... 12.0 minutes...... Indefinitely long 
5b ere S14 days i.e .s 16 day sma pee Indefinitely long 
502. 5s 64 Gays) jee 14 Si days 4 Gee Indefinitely long 
45 ee Indefinitely long....47 days ...... Indefinitely long 
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Fig. 13. 


Hauling 55,000 kva transformer to the 
edge of Boulder Canyon 


only the pressboard in its neighborhood, but also 
the turn insulation of the conductors producing the 
corona. Tests show that damage done by corona 
often is invisible to a naked eye, and that the long- 
time dielectric strength of turn insulation is reduced 
to a small fraction of the original by corona of 1 or 2 
minutes duration. 

In some special cases, it is possible to produce 
corona in oil, for a few minutes, without doing any 
serious damage to the solid insulation, as for example, 
on the surface of heavily insulated cable in free oil. 
It is even possible by special means to increase the 
apparent strength of insulation by exposing it to 
corona for a short period of time. 

Because in transformers generally it is impossible 
to determine the location and the degree of damage 
done by corona without disassembly of the core and 
coils, it is desirable not to allow formation of the 
corona. This is accomplished by giving the windings 
and other conductors the proper shapes, by propor- 
tioning the oil and solid insulation in accordance 
with their dielectric constants, by using a large num- 
ber of narrow coils, and by placing the point of 
highest potential in the middle of the stack. All 
of these means serve to produce lower and more uni- 
form voltage gradients throughout the structuie 
(figure 5). 

Corona may be produced by overstressing insula- 
tion between (1) high voltage winding and low 
voltage winding, (2) high voltage winding and core, 
(3) adjacent coils of the high voltage winding, and 
(4) high voltage leads and ground. 

In concentric windings, the formation of corona in 
the first 2 insulation regions (major insulation) is 
prevented by rounding and heavily insulating the 
edges or ends of the stack where otherwise the 
voltage gradient would be the highest. In the 
remainder of the major insulation the gradient is 
low because there are no corners or edges present. 
The equipotential surfaces are smooth, and concentric 
with the windings and the core. 

In the case of a transformer designed for grounded 
neutral (directly or through a reactor) still more uni- 
form dielectric field is established by designing the 
high voltage winding with 2 multiple circuits, plac- 
ing the line terminal in the middle of the stack and 
the neutral at the ends. This arrangement not only 
places the part of the winding of the highest potential 
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at the point farthest away from the ground, but also 
eliminates the concentration of dielectric field at the 
ends of the stack since these points are essentially 
or actually at the same potential as the core 
(figure 5). 

The possibility of corona from electrical stresses 
between coils is eliminated with the high voltage 
winding divided into a large number of coils (100 
or so) as is inherent in the concentric type of design. 
Since the induced voltage between coils is inversely 
proportional to their number, and in the case of 
shielded transformers this is also true for the impulse 
voltage, a much higher safety factor can be secured 
by increasing the number of coils and proportionately 
reducing the space between them. . This follows from 
the fact that the strength of coil insulation increases 
approximately only as the square root of the distance 
between the coils. 

Corona on leads is prevented by making their 
diameter adequately large and using a liberal amount 
of solid insulation as can be seen in figure 1, where 
the lead connecting the windings on 2 legs is shown. 
The smaller diameter of the line cable, shown on the 
right side of the picture is permitted because the 
high voltage bushing terminates with a large heavily 
insulated and properly shaped metal tube through 
which the cable is drawn. The bottom end of the 
tube coincides with the entrance of the cable into 
the winding. Because the high voltage leads are on 
the outside of the winding, ample space is available 
and therefore their positions and diameters can 
always be made adequate. 

To determine whether or not corona is present 
during insulation test, the transformer oil surface is 
observed during the tests, as corona tends to pro- 
duce gas bubbles (figure 7). Also, electrical detectors 
are used. Their functioning is based on the fact that 
corona produces high frequency oscillation. 

Uniformity of temperature. In all oil immersed 
transformers there is unavoidable difference in 
temperature between the top and bottom parts of 
the core and of the windings, because cooling is ac- 
complished through vertical thermal circulation of 
oil. 


Fig. 14. Lower- 
ing 55,000 kva 
transformer com- 
pletely filled with 
oil to the power 
plant in Boulder 
Canyon 
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Fig. 15. Com- 
pletely assem- 
bled 55,000 
kva water 
cooled trans- 

former 


In addition to this, the excess of local temperature 
over the average may be caused by (a) heavy turn 
insulation, (6) taping of coils with insulated tape, 
(c) blanketing part of a coil with insulating channels 
and spacers, (d) high local eddy current loss, and (e) 
restriction of oil circulation in the ducts between 
coils by spacers or collars. 

In concentric windings, individual disk coils are 
narrow and relatively thick; therefore, all 4 surfaces 
are effective in cooling. Radial spacers do not im- 
pede oil circulation. The high voltage winding, 
being on the outside, has ample free oil on the out- 
side, while the low voltage winding is provided with 
large, straight vertical ducts. Numerous hori- 
zontal ducts, in both windings, serve to maintain 
even temperature (within 2 or 3 degrees centigrade) 
in each narrow disk coil (figure 8). Coils with heavy 
turn insulation or tape have proportionately larger 
conductor cross section. Eddy current losses are 
made very small by proper transposition and propor- 
tioning of conductors. No channels or any other 
parts are allowed to blanket coil surfaces. The 
result is that the ‘‘hot spot’’ is kept well within the 
allowable A.I.E.E. limit of 10 degrees centigrade and 
commonly is within 6 degrees centigrade of the aver- 
age temperature determined by A.I.E.E. test. 

It is very important to keep the internal tempera- 
ture of the core within the limits safe for core sheet 
insulation and the surface temperature within limits 
safe for the oil. Internal and surface temperatures of 
every core can be predetermined by calculation based 
on available data. It is kept substantially below 
safe limits and is essentially uniform because the 
loss per unit volume is small and the core is sub- 
divided into a number of parallel cores of small sec- 
tions, each cooled by free oil circulation on all 4 sides. 
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In the Boulder Dam transformers the cores are sub-) 
divided into 14 sections (figure 9). 


IMPROVEMENTS IN MATERIALS 


As table I indicates, core steel has been improved ; 
in the past 20 years to a remarkable degree. By; 
establishing rigid laboratory supervision at all stages: 
of steel manufacture, its characteristics can be con-- 
trolled within narrow limits, insuring uniformity of! 
the product. For example, as was demonstrated by; 
the test of the Boulder Dam transformers, the maxi- - 
mum deviation of core loss from the average of the 7; 
units was found to be only 1.3 per cent, and even the: 
deviation of exciting currents was within 5.2 per cent! 
(table III). 

Installation of means for removal of burrs from: 
the conductors eliminates the possibility of turn: 
insulation being mechanically punctured. 

Through perfection of manufacturing processes: 
and laboratory supervision and inspection, much: 
greater uniformity in insulating material is secured! 
than was possible a few years ago. Arc-resisting: 
molded insulation, high grade pressboard, and special | 
papers are now used in place of general purpose in-- 
sulating material. 

A special mica-filled insulation has been developed | 
for core lamination insulation, which retains its: 
dielectric strength under the high pressures existing! 
in firmly assembled cores. | 


MANUFACTURING PROCESSES 


Although practically every old process of manu- 
facture has been improved or superseded, mention 
of only a few of the most outstanding changes 
will be made here. They are: 


(1). 


Complete elimination of rivets by the use of welding. 


LOW- 
VOLTAGE 
WINDING 


HIGH-VOLTAGE 
WINDING 


Arrangement of windings and shields in 
55,000 kva transformer 
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2). Use of heavily coated welding electrodes. This gives stronger, 
ae more ductile, homogenous, and corrosion resisting welds 
an those obtained with bare electrodes generally used. 


3). Standardizing on bottle tight tanks has become possible by 
oerfection in welding and testing technique. During the last 5 
years nitrogen gas under pressure of from 300 to 500 pounds per 
square inch has been used for the testing of welds. The gas pressure 
ised depends on the weld (figure 10). 


4). Elimination of soldered conductor joints by the use of electric 
brazing and swaging. 


(5). All-welded radiators have been developed with easily accessible 
welds of minimum length for a given radiating surface. 


(6). Jointless or continuous disk coil windings for both high and 
low voltages. 


(7). Perfect transpositions of multistrand conductors within wind- 
ings (figure 4). 


(8). ; Manufacturing of continuous molded insulation cylinders and 
continuous molded pressboard flanged collars for transformers of all 
sizes. 


(9). To prevent loosening of windings in service from the gradual 
shrinkage of insulation, all insulation is vacuum dried and cured 
under high pressure, exceeding that found in service. 


10). Shot blasting of complete tanks for obtaining clean surface for 
painting. 
(11). Developments of new tank paint and means for baking com- 


plete tanks of all sizes. 


(12). Development of liquid filled bushings for the voltage range 
down to 8,700 volts (figure 11). 


Table IlI—Data on 55,000 Kva 16.3 to 287.5 Kv Single-Phase 


Transformers 
Aver- Ratio, 
age for Maximum 
Maximum 7 Units to Average 
Sore loss at 100 per cent excitation, watts..... 134,500... .182;743%.... 1.018 


Exciting current in per cent of rated load 


current at 100 per cent excitation........... SuOSks nie aOR were rde OZ 
Sopper loss at rated load current, watts.......186,900....184,430....1.013 
[mpedance volts in per cent at rated load 
UE ONE Hite Sy ees GET nay alias ain he eselo Waite (a ayes 10.15 LO DG: cra 0 
Temperature rise above ingoing water at 
25 degrees centigrade (only one unit 
tested) 
High voltage winding................++. 50.6 
Wows vVOltave WIM. case cess eee ee 49.1 


Test data (All guarantees were met) 


Impulse test (in accordance with A.IJ.E.E. recommendations): 
[1/2 x 40 microsecond wave of 1,500 kv crest and higher 


5 impulses of 


A _J.E.E. induced voltage test at low frequency with neutral terminal grounded: 
7,200 continuously applied cycles of 577 kv (effective) 


A I.E.E. high potential test at low frequency ou high voltage winding: 3,600 
sontinuously applied cycles of 187 kv (effective) 

A I.E.E. high potential test, at low frequency on low voltage winding: 3,600 
-ontinuously applied cycles of 51 kv (effective) 

Dimensions and weights 

Weight of core and coils. ....... 02. eee eee eee teeter teeee 160,000 pounds 
Potal weight with oil. ..... 0.0.0... ses ee es eeree cer ec re eeens 356,000 pounds 
Height from rail to top of tank... 6.6... ee ee eee eee eee eens 19 feet 6 inches 
Height from rail to top of bushing. ........--.+--seeeeeeeeeee 31 feet 8 inches 


Mloor space. 11 feet 2 inches by 19 feet 10 inches 


Shipping method. Tanks were shipped in halves. Cores, completely assembled 
with coils, were shipped in nitrogen in specially designed tank cars (figure 12). 
Transformers reached their destination in 14 days, a large part of the journey 
being made at 60 miles an hour. Shock recording instruments installed in 
the cars indicated several impacts approaching collision severity, but no 
damage of any sort was done. 

nstallation. Transformers were made ready for service 30 hours after arrival 
of core and coils. The installation operation included tanking of core and 
coils, bolting cover in place, filling with oil, hauling transformer 3/4 mile to the 
edge of the canyon and then lowering it approximately 600 feet to the power 
plant (figures 13 and 14). 
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SUMMARY 


In the various ways enumerated in table I, the 
reliability of modern power transformers has been 
greatly improved over that available a few years ago. 
At the same time the economy of operation has been 


Fig. 172 )Atc- 
over of bushing 
with ‘/>x40 


microsecond 
wave during tests 
on 55,000 kva 
transformer; —im- 
pulse voltage ap- 


proximately 
1,500 kv 


"7 
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ii! 


ij 


pla 8 er a 


improved by marked reduction of loss, weight, and 
size per kilovolt-ampere transformed. 

The principal factors responsible for these im- 
provements are: 


(a). Improvements in mathematical, experimental, and measuring 
methods and facilities permitted more accurate analysis and calcula- 
tions of local stresses and of conditions throughout the structure. 


(b). These studies showed that in circular coil concentric winding 
transformers the greatest possibility exists of obtaining a high 
degree of structural harmony, because the same proportions, di- 
mensions, and distribution of structural elements serve to the best 
advantage the requirements of short-circuit forces, transient voltages, 
eddy current losses, reactance, and cooling. 


(c). These studies also indicated that, unless special means are 
taken, high local stresses of various kinds may occur in a trans- 
former, thereby materially lowering its reliability under service 
conditions. 


(d). Improvements in insulating, magnetic, and structural ma- 
terials. 


These findings resulted in development of special 
design features for reduction of stresses of various 
natures and for their more uniform distribution. 
For example, the electrostatic shielding was de- 
veloped to reduce transient voltage stresses for trans- 
formers of 44 kv and above. The effectiveness of 
shielding can be judged by the fact that, as far as it 
is known, not a single shielded winding has failed 
although more than 4,000,000 kva of transformers 
have been provided with such windings since their in- 
troduction to practice in 1927. 

Also means have been found to reduce local 
stresses produced by low frequency voltages and there- 
by prevent the appearance of corona in oil even when 
transformer is under the A.I.E.E. standard insula- 
tion test. This, combined with co-ordination of 
transformer insulation with impulse arc-over strength 
of its bushing, eliminated the principal causes of 
aging of transformer insulation. 
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Performance of 
Distance Relays 


The effect of grounded neutral A/Y or ¥/A 
power transformers upon the performance 
of certain impedance and reactance relays 
is set forth in this paper, and formulas are de- 
veloped for use in predetermining the 
performance of these relays under operat- 
ing conditions. 


By 
GIUSEPPE CALABRESE The New York Edison Co. 
ASSOCIATE A,1.E.E. Inc., New York, N. Y. 


I. THE ordinary application of dis- 
tance relays to the protection of transmission lines, 
the usual statement is that with faults involving more 
than one phase, irrespective of the type of fault, the 
relays will protect the same distance when the po- 
tential and current transformers supplying the re- 
lays are connected in delta. Although this is al- 
ways the case when the range of the relays does not 
include power transformers, it is not always true 
when transformers are interposed between the re- 
lays and the fault. 


PURPOSE AND OUTLINE OF THE PAPER 


For a clear comprehension of the problem by all, 
it may be well to start by recalling some of the main 
features of distance relays. Distance relays have a 
distance or ohm element and, in general, also a di- 
rectional element. Both elements are energized by 
voltage and current. The indication of the ohm ele- 
ment depends on the vector ratio of the voltage and 
current acting upon it, being its magnitude in the 
impedance type and its reactive component in the 
reactance type relays. In the protection of 3 phase 
lines, 3 relays are used, energized from potential 
and current transformers connected according to 


either of 2 main types of connections or their equiva- 
lents, namely: 


1. The potential and the current transformers are connected in 
delta (A). 

2. The potential transformers are connected in A and the current 
transformers in Y. 


For the case of 3 phase lines, the primary voltages 
and currents acting on the 2 elements of the 2 most 
commonly used distance relays, the “HZ” and the 


A paper recommended for publication by the A.I.E.E. committee on protective 
devices, and scheduled for discussion at the A.I.E.E, summer convention, Pasa- 
dena, Calif., June 22-26, 1936. Manuscript submitted Nov. 23, 1935: released 
for publication May 4, 1936. ¢ : 
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Ee ‘| 
“GAX,”’ are tabulated in table I and the connections; 
of their ohm elements are shown schematically int 
figures 1 and 2. Where the relays are of the imped-. 
ance type (‘““HZ’’), their primary ohm indications are¢ 
equal to, respectively, Za, Zo, Zca- Where, how- 
ever, they are of the reactance type (“GAX”’), their1 
primary ohm indications, provided the starting ele-- 
ment has operated, are equal to the reactance com-- 
ponents of Zs, Zo, Zea- 

To obtain the maximum benefit from the use of! 
distance relays, the distance protected should be the: 
same with 3 phase, line-to-line, and line-to-line-to- - 
ground faults, and should not be affected by operat- - 
ing conditions. 

It is the purpose of this paper: 


t 


1. To show that the interposition of a grounded neutral A/Y ora 
Y/A power transformer bank between the relays and the fauli 1 
causes the distance protected to vary with the type of fault and, 
with the exception of 3 phase faults, to be affected by operating » 
conditions. 

2. To provide simple formulas for calculating the primary ohms : 
indicated by the relays with 3 phase, line-to-line, line-to-line-to- - 
ground, and line-to-ground faults located between the relays and the : 
grounded neutral A/Y or Y/A bank, or past the bank. 


General formulas are developed first (appendix I), , 
to be used in making practical calculations in any’ 
case irrespective of the complexity of the network. . 
To make their use simple, the general formulas are: 
put in such a form that the grounded neutral A/Y 
or Y/A connection of the power bank may be disre-' 
garded altogether in using them. 

The general formulas are next applied to the case 
of a stub-end line (appendix II, figures 4, 5) and the 
primary ohm indications expressed in terms of the 
impedances to positive, negative, and zero sequence 
currents of the circuits involved. The formulas 
obtained for faults between the relays and the bank 
correspond to the cases ordinarily considered by 
manufacturers in stating the distance protected by 
their relays. By comparing them with the formulas 
obtained with faults past the bank, a more definite 
idea than otherwise obtained from the general formu- 
las may be formed of the effect of the interposition 


TRIPPING DIRECTION 


CURRENT TRANSF'S IF [° 
; i) 

As DRA 

Ic 


POTENTIAL 
TRANSF'S 


OHM ELEMENT RELAY NO. | 
OHM ELEMENT RELAY NO.2 


OHM ELEMENT RELAY NO.3 


Fig. 1. A typical distance relay connection 
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of the latter between the relays and the fault. 

| A numerical example is given last (appendix IV, 
figure 8) further illustrating the use of the formulas 
and showing that, under favorable conditions, the 
protecting relays may reach further with line-to-line 
and line-to-ground faults than with 3 phase faults, 
but not so far with line-to-line-to-ground faults. 

Though the main objective of the paper is to show 
how the ohm indications of the relays are affected 
by the interposition of a grounded neutral A/Y 
or Y/A power bank, no analysis would be complete 
that did not consider the directional elements of 
the relays. It was, therefore, thought proper also 
to outline a method for analyzing the action of the 
directional elements (appendix III). 

As the analysis made is a straightforward applica- 
tion of the theory of sequence components, phases 
have been lettered according to the method in use 
among some writers on that subject. The method 
is different from that recommended by the A.I.E.E. 
and is used throughout the paper in the belief that it 
results in simpler formulas. 


APPLICATION OF FORMULAS 


_ The effect of the interposition of the grounded 
neutral A/Y or Y/A transformer bank upon the 
primary ohms indicated by the relays is seen better 
by expressing the currents and voltages of table I in 
terms of sequence components. The ensuing formu- 
las are given in table IJ, and their derivation is given 
in appendix I. 

The formulas of table II are general, and apply in 
any case irrespective of the complexity of the net- 
work and of the type of fault. To apply them it is 
necessary only to compute the sequence components 
of the primary line-to-neutral voltages (Ea, Eu) 
and line currents (I,0, Iai, In2) at the relay location, 
disregarding the effect of the connection of the power 
bank. The procedure to be followed in applying 
them, therefore, is as follows: 


Connect the positive, negative, and zero sequence networks accord- 
ing to the type of fault, disregarding the connection of the power 
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Fig. 2. A typical distance relay connection 
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Fig. 3. A typical distance relay connection 


bank. Calculate the sequence components of the relay primary 
line-to-neutral voltages and line currents. Substitute in the formu- 
las of table II, and calculate the impedances Zap, Zbc, Zea. The 
line currents must be considered positive if flowing in the tripping 
direction of the relay, and negative if flowing in the opposite direc- 
tion. 


As already noted, where the relays are of the imped- 
ance type, their primary ohm indications will be 
equal to Za, Zu, Zea. However, where they are 
of the reactance type, the primary ohm indications, 
provided that the directional element has operated, 
will be equal to the reactance components of respec- 
tively Z,;, Zc, Zcae It may be noted that this pro- 
cedure offers no more difficulty than ordinarily en- 
countered in making short circuit calculations 
either in long hand or on the calculating board. 

In table II, 2 sets of formulas are given in the 
third, fourth, and sixth columns. In the first set, 
the actual primary voltages and currents are given, 
acting on the ohm elements; in the second set, the 
factors common to the numerator and the denomina- 
tor have been eliminated. This is done for the con- 
venience of the reader so that, if needed, the pri- 
mary current or the primary voltage may be calcu- 
lated directly from table II without having to recur 
to appendix I. The voltages and currents used in 
the fifth column are actual primary voltages and 
currents. 

That the interposition of a grounded neutral A/Y 
or Y/A power bank between the relays and the fault 
affects the distance protected for faults other than 
3 phase may be surmised, in a general way, from 
table II. From this table it may be observed that 
while E,, and J,; enter the various formulas for 
the 2 fault locations with the same sign, E,. and Ij». 
enter them with opposite sign. During 3 phase 
faults Ey = Ing = Ino = 0, and therefore the pri- 
mary impedances indicated by the relays will be 
equal to the ratio of the positive sequence compo- 
nents of the relay primary voltages and currents ir- 
respective of whether or not a grounded neutral 
A/Y or Y/A power bank is interposed between the 
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Table I—Primary Voltages and Currents “GAX” and “HZ” Distance Relays 


Potential and Current Transformers in A 


Potential Transformers in A; Current Transformers in Y 


Directional Element 


Directional Element 


“GAX” Relay “HZ” Relay “GAX’”’ Relay “HZ” Relay 
Aes Ohm Element* Voltage Current Voltage Current Ohm Element* Voltage Current Voltage Current 
> , 
: E,—E 
; Evo Eee e Fane ee NY eto hf ~t ms Zh, Ea E> Ta Eg Ee ae 
Ig — Iv a 
E, —E = 
. Ey = Ee = Shy Ev Es SiS vg Ei — Eq Ih — i fs Uemeaee 7 f= VANe Ey — Ec Tb Ep Ea Ip 
+ In — Ic i b . 
3 Eo = Ea = Zon E,— Eq Ie — Ig E. — Eb | Ia & 7 es Zea E. — Ea I, E~ — Ep I. 
I, — Ta c 


* “FIZ” relays indicate, respectively, the magnitudes of Zap, Zic, Zca. 
“GAX” relays indicate, respectively, the reactance components of Zab, Zbe, Zeca, 


relays and the fault. With faults other than 3 phase, 
however, E,. and: I,. are different from zero, 
affecting the relay primary impedances in a man- 
ner that depends upon whether or not a grounded 
neutral A/Y or Y/A power bank is interposed be- 
tween the relays and the fault. 

With the potential transformers connected in A 
and the current transformers connected in Y, the 
formulas for the 2 fault locations differ not only in 
the sign of E,». and J,2, but, in addition, by the zero 
sequence component J,) that appears in the formulas 
for faults between the relay and the bank, but does 
not appear in the formulas for faults past the bank. 

While the formulas of table II are exact and, as 
already noted, may be used in any case irrespective 
of the complexity of the network, they can give 
only a general idea—a qualitative idea, so to say—of 
the effect of the interposition of a grounded neutral 
A/Y or Y/A power bank. 

A more definite measure of the extent of this effect 
may be obtained by applying the formulas of table 
II to the case of a stub-end line as shown in figures 
4 and 5. This has been done in appendix II, and 
the resulting formulas, expressed in terms of the im- 
pedances to currents of positive, negative, and zero 
sequence of the circuits involved have been tabu- 
lated in table III. 

From table III, the effect of the interposition of a 
grounded neutral A/Y or Y/A power bank is more 
apparent than it is from table II. 

With the formulas of table III the effect of arc re- 
sistance may easily be taken into consideration by: 


1. Adding the arc resistance to Zf for 3 phase faults and line-to- 
ground-line-to-ground faults. 


2. Adding 1/, the arc resistance to Z; for line-to-line faults. 


38. Adding the arc resistance to Zf and Zfo for line-to-ground faults. 


Consider first the case when the potential and cur- 
rent transformers are connected in A. A glance at 
the formulas in the fourth column shows that with 
3 phase, line-to-line and line-to-line-to-ground faults 
between the relays and the power bank, there is at 
least one relay the primary ohm indication of which is 
equal* to Z; (the impedance to positive sequence 
* The expression “‘equal to 2;’’ must be interpreted as meaning that the primary 
ohm indication of the relay is equal to the magnitude of Z; where the relay is 


of the impedance type, and to the reactance component of Zr where the relay is 
of the reactance type, as indicated in the footnote of table III. 
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provided that the corresponding directional element has operated. 


current of the circuit interposed between the relays 
and the faults). This corresponds to the case usu- 
ally referred to when it is stated that with the po- 
tential and current transformers connected in A, 
the relays protect the same distance with 3 phase, 
line-to-line, and line-to-line-to-ground faults. 

Consider now the formulas in the fifth column, 
relative to faults past the transformer bank. With 
3 phase faults, the primary ohm indication of the 3 
relays still is equal to the impedance Z;. However, 
with line-to-line faults, none of the 3 relays will in- 
dicate a primary impedance equal to the impedance 
to positive sequence current Z; of the circuit between 
the relays and the fault. Relay 2 will not operate 
at all and the indications of relays 1 and 3 will be 
affected by the impedance to negative sequence cur- 
rent Z, of the circuit between the source and the re- 
lays; that is, by operating conditions. Even if Z, 
should be negligible (this is not always the case) the 
primary ohm indications of relays 1 and 3 would be 
equal, respectively, to 1.155Z;e*° and 1.155Z;e 72°, 
and thus the relays, where of the impedance type, 
would indicate a primary impedance equal to 1.1552Z;; 
that is, the distance protected would be less with 
line-to-line than with 3 phase faults. 

Where the relays are of the reactance type, the 
primary indications of relays 1 and 3, inclusive of the 
effect of Z:, assuming that the directional elements 
have operated, would be: 


Ry 
V/3 
Xy — O.577Ry — 7 

That is, both indications would be affected by the 
resistances Ry and R,. Relay 1 would protect less 
with line-to-line than with 3 phase faults. Con- 
versely, relay 3 would protect more with line-to-line 
than with 3 phase faults. 

The effect of the arc resistance, if any, would be 
accounted for by adding 1/, its value to Ry. It 
would tend to make relay 3 protect still further with 
line-to-line than with 3 phase faults, provided, how- 
ever, that it does not cause the angle of Z.a to be- 
come too small or negative, thus preventing the di- 
rectional element from operating. If this should 
happen, relay 1 would operate, if the relay current 


Relay 1 = X¢ + 0.577Ry + 


Relay 3 


ll 
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is sufficiently large, because the voltage across its 
directional element, under ordinary conditions, 
could never lead the relay current by less than 30 
degrees. In such a case, the distance protected 
would be less with line-to-line than with 3 phase 
faults. This condition is more apt to occur when 
X; is small, so that the arc resistance is relatively 
large. 

With the potential and current transformers con- 
nected in A and a line-to-line-to-ground fault past 
the transformer bank, none of the 3 relays will indi- 
cate the primary impedance Z;. The indications of 
all 3 relays are affected by Zj, and those of 2 of them 
are affected also by Z,; that is, by operating condi- 
tions. They would be affected also by arc resistance. 
As seen from the fifth column of table III, no attempt 
has been made to express in terms of resistances and 
reactances the primary impedances obtained with 
this type of fault, because the resulting forniulas 
would be too complicated. 

Still, with the potential and current transformers 
connected in A, and with a line-to-ground fault past 
the transformer bank, the relays may afford some 
protection because so far as they are affected this 
fault is a line-to-line fault. The primary imped- 
ances indicated by the 3 relays are affected by Z, and 
those of 2 of them also by Z:, that is, by operating 
conditions. They would be affected also by arc re- 
sistance, as this should be added to both Ry and Ry. 
The reactance term of relay 1 (Z,s) is: 


xX, — 1.73(Ry + Rs) + 0.5Xpo — 0.866Ryo 


The X;, R;, X40, Ryo appearing in this expression in- 
clude, respectively, the resistances and reactances to 
currents of positive and zero sequence of the line 
between the power bank and the fault. The relative 
magnitude of the latter may be such as to cause 1.73 
Ry + 0.866 Ryo to increase faster than Xy + 0.5X 4 
as the fault moves away from the bank, thus causing 
the reactance term of Z., to decrease. This condi- 
tion takes place in the particular instance considered 
in appendix IV (line-to-ground faults on the cable of 
figure 8). 

Consider now the formulas listed in the last 2 
columns of table III, for the case when the potential 


transformers are connected in A and the current 
transformers in Y. 
With 3 phase faults, all 3 relays indicate a primary 


impedance V3e%°Z; irrespective of whether or not 
a grounded neutral A/Y or Y/A power bank is in- 
terposed between the relays and the fault. The 


primary indication thus is /3Z; where the relays 
are of the impedance type, and (1.5X; + 0.866R;) 
where they are of the reactance type. Both types, 
therefore, are affected by line resistance and by arc 
resistance. 

With a line-to-line fault between the relays and 
the power bank, relay 1 does not operate. Relay 2 
(Z,.) indicates a primary impedance 2Z; where the 
relays are of the impedance type, and 2X; where of 
the reactance type, provided that the starting ele- 
ment has operated. The primary impedance indi- 
cated by relay 3 is affected by operating conditions 
as reflected in the value of Z,, and by line and arc 
resistance. Where the relays are of the reactance 
type, relay 3 indicates {X; + 1.73 (Ry + R2)}, pro- 
vided that the starting unit has operated, thus pro- 
tecting more with line-to-line than with 3 phase 
faults if Ry and R, be relatively negligible. 

Where the relays are of the impedance type, relay 
3 indicates a primary impedance equal to 22Z,, if 
Z, be negligible, and 
VR 1.73. OG Xa) 2 i SR 
if Z. be net negligible. 

With a line-to-line-to-ground fault between the 
relays and the bank, relay 1 does not operate. The 
primary indications of relays 2 and 3 are affected by 
operating conditions as reflected in the values of Zp 
and Z, by the impedance Zy to zero sequence cur- 
rent of the circuit between the relays and the fault, 
and by arc resistance. However, the effect of these 
various factors is too complicated to be analyzed in 
ageneralmanner. The same may be said for line-to- 
line-to-ground faults past the transformer bank. 
In the case of a line-to-line fault past the transformer 
bank, the primary indications of all 3 relays are 
affected by operating conditions in arc resistance 
in a manner too apparent from the formulas of table 
III to need any further comment. 


Table II—Primary Ohm Indications of Distance Relays in Terms of Sequence Components—General Case* 
. : Potential Transformers Connected in A; Current Transformers Connected 
Relay Potential and Current Transformers Connected in A in Y 
No Grounded Neutral A/Y or | ; 
lumber | Primary | No Grounded Neutral A/Y or Y/A | Grounded Neutral A/¥Y or Y/A ¥/A Power Transf. ae In. | Ground Neutral 4/Y or Y/A Power Transf. 
Figures | Imped- | Power Transf. Bank, Interposed | Power Transf. Bank Interposed ferpowed Between’ the Relays Bank Interposed Between the Relays and 
e253) ance Between the Relays and the Fault | Between the Relays and the Fault and therFault the Fault 
4/3¢!80(Eq1—aEa2) _ Eai—eEa2 V3e(Ea taka)  EatoEa / Be! (Ei — aEa?) Ve! 20(Eqi+-aEa2) _ V3e!*(Eait+aEa2) 
: ce V/3¢!39(Ta1 — ola?) Tgtmalaz V3aUTa1 + afar) Tar + alae TaotTaitla2 j(Ta1—Ta2) Tar—Tar 
~ V/35(Ea—Ea:) _Ear~ Ea? V3(Ea+Ew) Fa + Ea ~V34 (Ea —Eo:) V3(Eat Ea) _ V3e/0(Eai+ Eat) 
‘ Zoe = —+/395(La1—Ta2) Ta—Ta2 V/ 3a + Taz) Ta + Tq2 Iqo+o*lait+ala2 j(aT a1 — al a2) Ta— alae 
— \/3¢713°(Eqi— Ear) _ Eoi— a? Eas V/302(Eat+o°Ea2) _ EatoEa2 — \/3e139(Eqi — aEa2) V/3e71120(Eqi +a2Eq) _ V/3e!80(Ea1+a*Ea2) 
: AS aa 4/3¢78(q1 — @fa2) Tar — oT a2 V/302(Ta1 + oar) Tor + oar Too+alait+ala2 F(alai— aI a2) Iai—al as 


* The sequence components appearing in this table must be calculated disregarding the effect of the power bank connections; that is, they are the sequence compo- 
nents as ordinarily obtained from the calculating board set-up. 
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SUMMARY 


In concluding, the most important findings of the 
paper may be summarized as follows: 


1. Even if the potential and current transformers are connected in 
delta, the interposition of a grounded neutral A/Y or Y/A power 
bank between the relay location and the fault causes the distance 
protected by impedance and reactance relays to vary (a) with the 
type of fault, and (b) in the case of unbalanced faults, with opera- 
ting conditions. 

2 In the case of a line-to-line-to-ground fault, the interposition of 
a grounded neutral A/Y or Y/A bank causes the distance protected 
to be affected by the impedance to zero sequence current of the cir- 
cuits between the fault and the source or sources of zero sequence 
currents. 

3. Relays of the impedance type are affected by arc resistance ir- 
respective of the fault type and location. With faults located be- 
tween the relay location and the power bank, relays of the reactance 
type are not affected by arc resistance where the potential and cur- 
rent transformers are connected in delta and all generator voltages 
are equal in phase and magnitude. However, with line-to-line and 
line-to-line-to-ground faults past the power bank, reactance relays 
are also affected by arc resistance. 


4. Because of the interposition of a grounded neutral A/Y bank 
between the relay location and the fault, distance relays may afford 
some protection with line-to-ground faults past the bank. The 
distance protected is affected, however, by operating conditions and 
by the impedance to zero sequence currents of the circuits between 
the fault and the source or sources or zero sequence currents. 


5. Formulas are given in tables II and III for calculating the 
primary ohms indicated by the relays under various fault conditions 
and location, with the potential transformers in A and the current 
transformers in A or in Y, with or without arc resistance. 


Appendix I—Derivation of the 
Formulas of Table Il From Those of Table | 


The formulas of table II may be derived from those of table I 
in the following manner. 

Referring to figures 1 and 2, let Ea, Ep, Ec be the relay line-to- 
neutral primary voltages and Ego, Ea, Eas, their sequence compo- 
nents. Let also Ig, ly, I; be the primary line currents at the re- 
lay location and Igo, Iai, Taz their sequence components. As is well 
known: 


E, = Eq + Eu + Eq, 
E, rs Exo ad 5 aEg (1) 
E, = Eq + aEq + cEqe 


Tg = 1g) + Ian + Ta2 
= Igo + Tg, + alge (2) 
I, = Tg IF alg, + alg. 


From which the following voltages and currents appearing in 
table I may be obtained: 


E, — Ey = Eq(1 — a?) + Eg(l — a) = V3 (eEa: ar e430 E49) 
E, ae E, = Eqi(a? = a) SF Eqla = a?) = —jV/3(En = E,2) (3) 
E, — Eg = Egi(a — 1) + Eq2(a? — 1) = —V/3(e7Eq: ar e380 F a») 


I, a ft, = Iq (1 — a?) ap Ta2(1 a @) 
hh —-I,= Iq,(a? — a) + Tq2(a@ — a”) (4) 
! fe I, — Tq(a zs 1) IF Tq2(a? ai 1) 


= 
I 


These permit the expression, in terms of sequence components, 
of the value taken by the impedances Zap, Zbc, Zca of table I 


when the potential and current transformers are connected in A. 
That is: 


E, — Ey =. V/3e3( Eq, — aEq) Ae Eq, — aEge 


Zap = — 
m I, —I, V3) (Tar — alge) In — a2 
Zac A. E, — E; a —/3j( Ea = Eq) = Eu — En (5) 
dpe lee Nt I ys) Tp, 
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E, v4 Ey mi —+/3e79( Egy =; a Eqs) Ea a! Ego 
I Fd Ry —V/8e7 (Ta — Iq) Iq. — Ie 


In the same manner, by means of formulas 2 and 3, the values; 
taken by the impedances Zap, Zoc, Zea when the potential trans-; 
formers are connected in A and the current transformers in Y,’ 
may be expressed in terms of sequence components as follows: 


Zea = 


y he E, — Ey = V38(E Ea ate €7 EG:) Bb a/ 3 (Ear — aE,2) 
Uae Fos teteaeites 1, Selo 

pee Ey Ee —jV/3(Eu — Eq) (6)) 
es I, Tao =P oad Fal + alge 

ive Jd = 1 ae ESS V/3(e7 Eg, + 0 E40) 
OO Ue oe Tag alae tl 


—+/3¢7(Eq, — 0? Ege) 
Ta0 + alg, + oD a2 


The preceding formulas are general and apply in any case irre-- 
spective of the complexity of the network, with only the limitation: 
that the sequence components appearing in them are as viewed! 
from the relay irrespective of the fault location. 

Now in the ordinary practice, it is customary to make short cir-- 
cuit calculations, whether in long hand or on the calculating board, | 
by properly interconnecting the sequence networks according to the: 
type of fault, disregarding first the connections of transformers and} 
generators and accounting for them later if necessary. The volt-- 
ages and currents obtained from these calculations are as viewed! 
from the fault. 

It follows that in applying formulas 5 and 6 to faults located be-. 
tween the relays and the power transformer bank, such as at F of | 
figures 1 and 2, the sequence components of the voltages and cur-. 
rents to be used are those obtained from the short circuit calculations : 
made in the ordinary routine way, because currents and voltages are 
viewed in the same manner from the relay location and from the: 
fault. 

For faults past the transformer bank, such as at P of figures 1 
and 2, however, this no longer is true, because the sequence com- 
ponents of the currents and voltages, on account of the grounded 
neutral A/Y transformer connection, are viewed differently from the 
fault and from the relay location. Therefore, the sequence com- 
ponents as obtained from the short circuit calculations cannot be 
substituted directly in equations 5 and 6, they must be transformed 
first to account for the grounded neutral A/Y connection of the 
power bank. The necessary relations may be found as follows: * 

With a fault at P (figures 1 and 2), let I4, Is, Ic be the currents 
flowing in the Y windings of the transformer and I4o, Tai, Iso 
their sequence components. Because of the grounded neutral 
A/Y power transformer, the zero sequence component Igo of the 
corresponding line current (Ia, Ip, Ic) at the relay location, is zero, 
The other 2 components Iq, Ia, assuming all currents to be calcu- 
lated on the same voltage basis, are tied to 41, I42 by the relations: 


Ta = jl (7) 
Tq a —jl ae 


Under the same conditions, let E41, Eas be the positive and the 
negative sequence components of the line-to-neutral voltages at the 
relay location, as obtained from the calculations made disregarding 
the effect of the grounded neutral A/Y transformation. The zero 
sequence component Ego, of the 3 voltages Eg, Ep, Ec actually exist- 
ing at the relay location will be zero, and the other 2 components 
Eu, Ea2 will be tied to Ea1, Eas by the relations: 


Eu =! jEa (8) 
Eq, = —jEs2 


Substitution of equations 7 and 8 in equations 5 and 6 gives: 


Ea + aE, 
Lh, eae 
Ta, + olaa 
Ea, + Eso 
Lo = 9 
i Ta + Taz (9) 
7 Pe Ea + aE ss 
ae Tay + (od OS 
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2 Ill—Distance Relay Primary Impedance Indications in Terms of Impedances to Positive, Negative, and Zero Sequence Currents 
of the Circuits Involved*—Stub-End Line (Figs. 4 and 5) 


' 


—————————————— 


—== 


R : 4 
[ olny Potential and Current Transformers in A Potential Transformers in A, Current Transformers in Y 
e of 
ult Num-| Primary pee ooeuen Neutral A/Y or ¥Y/A| Grounded Neutral A/Y or Y/A| No Grounded Neutral 4/Y or Y/A| Grounded Neutral A/Y or Y/A 
nae Tae pevigs ge wanes Bank Inter-| Power Transformer Bank Inter-| Power Transformer Bank Inter-| Power Transformer Bank Inter- 
pedance Pp e Lhd t e Relays and the| posed Between the Relay and the | posed Between the Relays and the | posed Between the Relay and the 
ault (Fig. 4) Fault (Fig. 5) Fault (Fig. 4) Fault (Fig. 5) 
|} Vien dy = Vein; = 
fee. 5 | ——|-Z8e =| oC 2 = Ry + Xe Zea ny x (1.5Ry — 0.866X;) + (1.5Ry — 0.866X,) + 
3 | Zea = G(L.5Xy + 0.866R,) j (1.5Xy + 0.866Ry) 
—jrv/3Z2 + 2e7i60Z, = YA) : jZ2 j 
o Line 1 Zab = R 1 F J FEH1.155 C19 Zp = V3 (2224 cisoz,) = {1.5Ry— 
(Ry + 1.73(Xy + X2)} + 9{Xy— | 7 V3 {Re 0.577 (Xp+X2)} + ot ; 0.866 (X2+Xy)} + 
1.73(Ry + R»)} j { X¢+ 0.577(Ry + R:2)} j{1.5X/ +0.866(Ry+R:)} 
oc 
4 = 3 : ae 
) Ny ae Zy = Ry 4 5X, 5 2Zy = 2Ry + j2Xy f2V'B Era) = 
a —2V/3{(K2+Xy) —j(R2+Ry)} 
. 5) > 3 
3 ee 
IV3Z2 + QelozZ, = Z ; _ : - Ss 
3 | Zea = mocks be 5 —j 241.1550 707, = GV 3Z2+ Delt0Z y= V3(—jZ2 + 2c7iZ,) = 
f 1.73 (Xp + X2)} + G(X + V3 {(Rp4+-0.577(Xp+X2)} + {Ry —1.73(Xy+X2)} + {3Ry + 1.73(Xy + X2)} + 
1.73(Ry + R2)} j{X—0.577 (Ry + Ro) } 5{Xp4+1.73(R+ Ry2)} | j{8Xy — 1.73(Ry¢ + Ro)} 
l—a 2 sae 
Z A, Ree: Race we ; GV 3LZ2 
1 Zab = tis 1 = a2 Zs 1 l=—a ©o alge co 2. za 
Bt Zo +z Zjo Zeeeazy FA 
o Line 
ound F a/ deise 
730 ee 
: V/3e (eee) 
me. | 3 SE Zy + 2Zyo = (Ry + 2Ryo) + Ze aa get Zo 
Wy Behe = | Zp = Ry + 9X i(Xy + 2Xyo) Zi Z 2Z2 
4) cs Z2+ 2 me 
Zyo 
C to <a — 
ind bay V 35 
5) ; : Zyeitol 2— TZ + Ve 
Z eee z= ae os ( meee Zei0z, 4. 2+ V Se IZe 
aa ee eee hae Cea Zac, i pierre % 
Z+ Zp LZ2+ ZF Zo Z2 + Z IV 32s Zyo ae 
tae 22 + Z 
Zo + Zyo 
GZ. + (Zo + Zyo + 2Zy) ei30 as GZ2 + (Zo + Zyo + 2Zy) e730 
/3 (Zjo + 2Zy)e~10—F4/3Z. = /3 # 
— | (0.5(Ro+Ryo) + Ry—0.29(X0 + | (Re + 1.73(Xy¢ + Xs) + O.5Ryo+ | (0.5(Ro + Ryo) + Ry — 0.29(Xo + 
1 Zab = fi fo) 
Xyo) —0.577(Xy + X2)} + 0.866X yo} + 5(X¢ — 1.73(Ry + | Xo) — 0.577(Xp + X2} + 
9{0.5(Xo + Xyo) + Xy + 0.29(Ro + Ro) + 0.5Xfo — 0.866Ryo} | 5{0.5(Xo + Xyo) + Xp + 
to Ryo) + 0.577(Ry + R2)} 0.29 (Ro + Ryo) + 0.577(Ry + R2)} 
ind 
Zyo ( =) 
ey, eR) st i ay 
x é ie Fe re le 2Z, + Zo = (2Ry + Ryo) + 
2 Zoe a i x 2) 
4) i(%; th aS (2X5 + Xye) 
a =4Z1 + (Zo+ Zjot 2p _ 
V3 (Zyo + 2Zy)ei0 + jr/3Z2 = (Zyo + 2Zy)ei© + Fr/3Z_ = 
3 | Zp = | (0-5(Ra + Reo) + Ry + 0.29(Xo + | {Ry — 1.73(Xy + X2) + 0.5Rypo— a (Ry — 1.73(Xy + X2) + O.5Ryo— 
ce | Xyo) + 0.577(Xp + X2)} + 0.866Xy0} + g{Xy + 1.73(Ry + 0.866Xyo} + j{Xy + 1.73(Ry + 
5{0.5(Xo0 + Xyo) + X7—0.29(Ro + R2) + 0.5Xf0 + 0.866Ryo} R2) + 0.549 + 0.866 Ryo} 
Ryo) — 0.577(Ry + Ra)} 


e the relays are of the impedance type, the primary obms indicated are equal, respectively, to the magnitudes of Zap, Zbc, Za. 
the relays are of the reactance type, the primary ohms indicated are equal, respectively, to the reactance components ‘of Zab, ZicnLea- 
rformance of the directional element must be analyzed before saying definitely what any relay wiil do under any specific condition. 


1. “i= 
So Z. S 
3. Z= 
mez 
Biee7 aim 
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le 
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for the case of potential and current transformers A-connected and 


Zz /3(e° Ear — e*° E 4) V8E (Eas + aE 42) 
in Ta — Tap Jin. = 1p 
al —jrV/3(Ea + E 42) V3e" (Eas + E 42) (10) 
ae ata, — al gr Ig, — D4. 
~/Ble* Eg, — OE as) _ V3E (Eas + 0° Eas) 
Zea = Be = re 


aly, — @LaAs 
for the case of potential transformers in A and current transformers 
" Pe ciicting the primary impedances Zap, Zoe, Zea the sequence 
components of the voltages and currents obtained disregarding the 
grounded neutral A/Y transformation, may now be used, merely by 
using equations 5 or 6 for faults on the A side, such as at F, and 
equations 9 or 10 for faults on the Y side of the transformer, such 
as at P. ' ; 

Equations 9 and 10 have been tabulated, respectively, in the fourth 
and sixth columns of table II. 

The letter A has been replaced by a for uniformity of symbols. 
The sequence components of table II are as viewed from the faults; 
that is, are those obtained from the short circuit calculations made in 
the ordinary routine manner. 

It can easily be shown that the equations of table II apply also 
to relays located on the Y side of the transformer bank (as shown in 
figure 3 for the case of potential and current transformers in A) 
provided that Ja, Ja: and Ea, Ea2 are interpreted as being the posi- 
tive and negative sequence components of the relay primary currents 
and voltages calculated disregarding the effect of the grounded 
neutral A/Y transformation. 


Appendix Il—Application of the Formulas 
of Table Il to the Case of a Stub-End Line 


In the case of a stub-end line, the formulas of table II may be 
expressed in terms of the impedances to currents of zero, positive, 
and negative sequence without arriving at too complicated expres- 
sions. 

This is done in this appendix for the most common types of faults 
namely, 3 phase, line-to-line, line-to-line-to-ground, and line-to- 
ground. The various impedances involved are shown in figures 4 
and 5, respectively, for faults (/) between the relays and a grounded 
neutral A/Y power transformer bank and for faults (P) located 
past the transformer bank. The results are tabulated in table III. 

The starting point for the derivation of the formulas is constituted 
by the well-known relations: 


Eu =E—-Zl1y 
Eq = —2ZT a2 


where E, Ea, Eao, Im, Ta, are the generator internal voltage and 
the sequence components of the primary line-to-neutral voltages 
and line currents at the relay location, as viewed from the fault. 

In addition to the general relations of equations 12 which are com- 
mon to all types of fault, the relations, among the sequence com- 
ponents, characterizing each type of fault, will be used also. 


(12) 


A—8 PHASE FAULTS (a to b to c, or A to B to C) 


The characteristic relations for 3 phase faults are: 


le = E 
2+ Z 
Too = Ta. = Ego = Ea = 0 (13) 
From equations 13 and 12 it is obtained: 
Eq = Za 
Direct substitution in table II gives: 
Za = Zy, = Zea = Zf = Ry + jX¢ (14) 
with potential and current transformers in A, and 
Zap = Zye = Leg = V/3E'Zy = (1.5 Ry — 0.866X 7) + 
71.5 X¢ + 0.866Ry) (15) 
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with the potential transformers in A and the current transformers iz 


YY: 

From equation 15 it is seen that with the potential transformers i 
A and the current transformers in Y, the primary ohms indicated by 
reactance relays depend also upon the resistance of the line, anc 
therefore are affected by arc resistance. 


B—Line TO Line Fautts (0 to c or B to C) 
The relations characterizing line-to-line faults are: 


15; 


= >= (16 
Zi + Z, + 2Zy 


Iq, = —Ta2 


Iq = 0 

By substituting in equations 12: 

Eq = (4, + 22) Tai 

Ew = Zda 

From which and from equations 16: 
Eq — Eq. = 2Zf1 a 

Eqn ~saEg = 2Zflact s/c" Za 
Eq, — Eq, = 2Z Iq, + V3? Lola 
Tq, — Ton = 2a 

Tq, — Ag, = — Tg, 

Tq — Cg, = —algy 


Substitution in the third column of table II, gives for Zap, Zc, Zea 
respectively : 


Eq — aE ; 
Ze a aha Ae jV3Zp + 2e1Z, 
Tq, ae alg, 
= {Rp + 1.73(Xy + X2)} + 7{ Xp — 1.73(Ry + Ri)} (17) 
E,, — E 
Zoe = >" = Z = Ry + jXy (18) 
Ta, = Ta. 
Eq — @E, a 
Ze = = i /BZ, + 2 Zy 
Tq, — Tg, 
= {Ry — 1.78(Xy + X2)} + 7{Xy~ + 1.73(Ry + R,)} (19) 


These are the primary impedances for a line-to-line fault between 
the relays and the power bank when the potential and current trans- 
formers are connected in A. 

With the current transformers connected in Y and a line-to-line 
fault at the same location: 


{V3Z_ + 26 Z,\ Tay 
eM En +.6° Ea = (s/8Z, + 22-21, 
Io + Ton = 0 
Cg, + olla, = 


730 _730 
En + e7 Eg, = 


—jvV3la 
alg, + Cg, = iV 31a 
Substituting in the fifth column of table IT: 


fig = & 


—jvV/3(Ea — Eq) 
Loc = = Whe = Dik 27X. 
3 a9 + oad Frat ar al gs f f ry loge 
—V/3(e7"E,, + bE 
Zea = = aD GV3B2Z, + 26 Z, 


a0 + alg, ata oT ap 
= {Ry — 1.73(Xy + Xo)} + {Xp + 1.78(R, + R,)} (20)| 


These are the primary impedances with a line-to-line fault be- 
tween the relays and the transformer bank, when the potential] 
transformers are connected in A and the current transformers in Y,/ 
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: 


me faults past the transformer bank from equations 


Bo + oF. = (—a'Z, + 2Z/Ior 
ep Eos = 2(Za+ Zo: 
Big, + 0%Eg, = (—oZy + 2Z/)Io 
Bs + cles = /3e-Iy, 

fe + Ile = 0 

Bt ale, = n/3e™ I, 


Substitution in the fourth column of table II gives for the 
primary impedances, with potential and current transformers in A: 


Eq + aEge Mero. Z, 
Tq, + alae y V/3 


Zab = + 1.155e°Z; 


= {Ry — 0.577(Xy + X2)} + j{Xp + O.577(Ry + Re)} (21) 
Pe. Eu ap a Ea = 4 zZ; 730 

ST ree ear ema re 
= {Ry + 0.577(X, + X2)} + 7{X~—0.577(Ry + R.)} (23) 


With faults at the same location and the current transformers con- 
nected in Y: 


OM Ea 
Pashad OP je EM) 


—j30 
—e? Ea 


ll 


(jZ_ + 2Z;e) Tar 
(—jZ. + 2Zep Tar 


ll 


Cid fant Bor OLN Te eter} 
ol gy — ACAI, = — Iq 
Substitution in the sixth column of table II gives: 
pe V3(E "Ea — e7°E,») =AS3 ( j Z, as 2,2") 

To, — Tae 2 
= {1.5Ry — 0.866(X2 + X¢)} +7{1.5X + 0.866(Ry + Re) } 


eS Ee = p/5(z 4 Z) 
Tg, — Afq2 
—2y/3{ (X2 + Xs) — j(Re + Ry)} 


‘3 i130 580 
V8(eT Ea — @ Fo) _ | 3/52, + 26 ™Z;) 
alg, = oT ae 


{8Ry + 1.73(Xp + X2)} + [BX — 1.73(Ry + R)} 


Zab 


(24) 


(25) 


Zea om 
(26) 


These are the relay primary impedances with a line-to-line fault 
past the power bank when the potential transformers are connected 
in A and the current transformers in Y. 


C—Line To Linge TO GROUND FauLT BETWEEN 
THE RELAYS AND THE POWER BANK (b to ¢ to Ground) 


The characteristic relations for this type of fault are: 


E 


Ty, = —(UToo + Tq2) = Z+ Z) a (Zo + Zyo)(Ze aE Z;) 
OAL ee BEd POS ASU 2 
me 7 (Zo =e Zo) 
a= OVA AA ae TES FZ 
Z. Zz 
_ ese (Z2 + f) 


Zo + Zjo + Ze + Z 


From these and equations 12: 


=, aa ieee 
aie f Dt Ztwat+ Z& 
Pei 2Z,(Zo + Zyo) 


If 
*ZL+ Zot a+ 2 
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Z + Zo 
J S| a HOB {1 Zila 
al a2 i A A fA at 
Z, + Zo 
Eq — aE = 1 Zila + 
a. aka Lae AB ys ee fF a1 


Z(Zo gle Zyo) 
(1 — ala 
Z + Zp + 2 + LZ 


Lo + Zyo 
D+ Zp+ 24+ Z 


Eq — Eg = 1+ Za ah 


Z,(Zo + Zyo)(1 — a?) 
Z + Zp + 2 + LZ 


aL 


& 1 yee a(Zo a Zo) in 
Z + Zfo + Z + Z 


(Z. + ZA) 
Iq, — Ton = 1 1+ > : I 
al a2 + 7. ma Z. ¢ ai 


a?(Zo + Zyfo) 
Z + Zp + 2. + “ a 


1 hes ia oa) Pp a5 1 + 
Substitution in the third column of table II gives: 


Eu =; aE ge 


l—a 


Ze Z, = 27 
a 1G — alas f a 1 a2 ( ) 
Zo+ Zyo 2 + Zf 
Eq — E 
Lye = ER + UG (28) 
Tq, ai Ta 
Ea aay of Ego 1 — a? 
yA Seale 4 : 29 
Caer PUPLERT IN ant ae ; (29) 


Zi Ze Laz, 


These are the relay primary impedances for a line-to-line-to- 
ground fault between the relays and the transformer bank, when the 
potential and the current transformers are connected in A. 

With the current transformers in Y and a line-to-line-to-ground 
fault at the same location: 


LZ) + Zo 
Eh 1 1 Zyl, 
al az Tre 7 Eze ae, ‘fF a1 
- ; I, 
or et RF , = a 2Z/(Zy + Zyo) + 
ai + a2 Ziwa+hrZ f(Zo + ‘f0) 


Wuiv/3 
ZZ De Zaree 
f(Z2 + 6) } ae iy Ay aie ee fo) Za 
Tq 


Zitat het Gri + Zp) + 


Tui v/3Zp 
Z + Zp + 2. + ZF 


CEs FP Eas = 


ZZ. + ZA fe* + (Zo + Zyo) 


Too + Jai + Ie = 0. 


(Zo + Zyo) — a(Z, + Zp) 
2+ 2+ 22+ Z 


sD 
Z+ Zp + 2+ Z; 


Substitution in the fifth column of table IT gives: 


Tog + 072g, + alg, = (a? — a) Tq 1 


Igo + alg, + 7a. = (a — a) Iq 1 


Zug-= © (30) 
PA —j(En Fiz Eq) V/3 
y Tao + Tg + alas 
i Z + Zyfo 
aa i 
a ue Ae a A, 
pee Be 
E 3 | 
V3 24 Int Li + Z 
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(Zo + Zj + 24+ Zp + Lo t+ ZZ 


Zoe = oF Lp — oZa + 21) 
{2 Zo + Zo — a(Zr + ZH] + (1 + 20)(Z+ Z)}Z 
z Z + Zp — «(Zz + ZF) 
: (1 + 2a)(Z2 + Zf) 
7 ae Zp — a(Z, + Z) 
eee 
- | ae a ae 
ee 
= Z eae (31) 
Z, + Zy 
4/3 (Ee? Eat + € Ess) 
Za ai Ta0 + ala, aF road Fey 
—/3Z;{2(Zo + Zyo) + Z. + Ze” — 3Z.(Zo + Zpo) 
E; GV3( Zo + Zp — a%(Z, + Zp} 
33 3)Z. 
a Ze" oy = Mere fia! ate see 312s. win (32) 
LOT, 1 o (24) 
Z, + ZF Z + Zfo 


D—LinE TO LINE TO GROUND FAULTS 
PAST THE TRANSFORMER BANK (B to C) 


The characteristic equations for this type of fault are: 


E 

Zjo(Ze AF Zf) 
Zyfo + Zz + Zy 
Zyo 
Zfo + Z. + Z 
_ Zt 2 
Zp + Z, + 2 
Zyjo(Z2 + Zs). ) 
Zjo + Z.+Z;/ % 
a LfLl ay 

Zyjo + Zo Zy 


Iq = 
Z + 2Z¢ + 


To ag Tq, 
Tq = -Iy 
Eq = (z aiP 


Ea 


from which: 

a (2Z fo + Z,+ LA Zpl a1 = @LZLf1a1 
Zjo + Z. + Zy 

a! (2Zyo + Z. + LA) LZpL a, ar 22.L fol a1 

Zyfo + Z,+ Zy 

os (2Zy + Z, + Zp) LZylay ~ 2LfoZol a1 
Zp + Z, + Zy 

Tai{Zpo(l — a) + Z + Z} 

Zyo ae 24) ap Zy 


Z, + Z} 
Tox + Ion = Ta ceca 
( Zp + 2+ Z 


teen. = 1, 1 (lL = o&)Zp + 2. + Z 
Zo + Z, + Ze 


En 45 aE, 


Eq ae Eq: 


Eq, + aEgo 


Tq, a alg, = 


Substitution of these values in the fourth column of table II gives 


for the primary impedances with the potential and current trans- 
formers connected in A: 


7, os Eq, =|- aE, = (2Zy at Z, + Zp) Zyf 4 ZL iho 
Tq, + algo Gg — a) Zio + Z,+ Zf 


668 


az 


= ae oe rare ee a (33 
20 SAE 1 i‘ l-—a ) 
Zjo Z,+ Z 
La Eq oP Eq vs (2Zf6 + 74) + Zp Lf + 2Z2,Lfo 
eS Ta: + Tae Z, + ZF 
= Zp + 2Zf) = (Re + 2Rpo) + i(X¢ + 2X Go) (34) 
Foe Eu t+ CEw _ (22h + £2 + ZZ — akfple 
ss Tq, + 07 Dae (1 — &)Zp + 2. + Z 
a 
x rs aS 35 
Zj ‘i i a eae (35) 
Zyfo Z, + Zy 


With the potential transformers connected in A and the current 
transformers in Y: 


{ Zpe!*"(2Z py + Zo + Zp) + JZ.Zfo\ ar 


;30 S730 i 
Gi ge ZeZagaZ, 
; : Zep? (2Z, Zz. Zp) — jLoLsgos I, 
eit tg, = 2 CZp + Ze + Zp) — jLabpe\ Ia 
Zo + Z2 + Z 
(22,0 + Ze Zp) Zpla + 22,Z fla 
Eq, ap Ex = 
Zyfo + Z,+ Zf 
—Zyfy + (Z, + Zf) a? 
Sb > CP bay = If 
arlay ah ao al OS EES 
al a2 al Zr 77, 


—Zjy + (Zr + Zpa 
Zyfo + Z, +Zy ) 


Substitution of these values in the last column of table II gives: 


V/3(e° Ea: = oo Ea) 


alg, — ad fer) = Tq, 


v4 = 
ag Tq, = Ig. 
_ V3zZE" (22h + Zr + Zp) + jLZpv/3 
2Z fo + Z, + Zy 
: i\/ 3Z. 
= /3eZy + _ iV382Z, (36) 
Z. + Zf 42 
Zio 
La —j(Ea + Ea)v/3 ‘ —jvV/3{(2Zf + Ze + Zp) Ze + 2ZZjo} 
: Cg, — ola, —Zjo + (Z2 + Za? 
: 3e7*? 2Z. 
aS Bei9 | 7 fy + V3 2 37 
xe u A ee ie A ae Sa 
Zfo Zfo 
Zig = Be Ea 0" Eas) _ pay gue 4 82 + 80D, 
alg, ral Ty, 2, + Zf ee 
Zyfo 4 
(38) 


E—LInE-T0-GROUND FAULTS BETWEEN THE RELAYS 
AND THE POWER TRANSFORMER BANK (a to Ground) 


The characteristic equations for this type of fault are: 


E 
ey Fy Ae Ay 
Eq = E — Qlg = (2+ Z + Zfo + 2Zf)I a1 
En — —LZol ao = —Z Iq; 


T a9 = Iq, = Tg 


from which: 


Ea — aEq, = (Zo + Zh + 2Zf)La, — PZT q, 
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Eq, — Eqs = (2Z, + Zo + Zh + 2Zp)I ay 

Eq — @ Eg, = (Zo + Zh + 22a — aLol a 

Iq, — alg, = (1 — a) Ta, 

tor — loan — 0 

To, — oI as = (1 — Igy 
Eq, — aEg, 1 


Zab = — 
ou Iq, — alg, V/3 


Z 


{(Zo + Zyo + 2Zpel™ + jZp} 


& {0.5(Ro + Ryo) + Ry — 0.29(Xo + Xf) — 0.577(X7 + X)} + 
G{0.5(Xo + Xf) + X¢ + 0.29(Ro + Ryo) + 0.577(Ry + Rs)} (39) 


2, =< bea Fe _ 
Tq, 7 Tg 


Eq, — a? Eq, I : 
= = z e7??? poe 
e Tq, — aD qo /3 (Zo + Zjo + 224) j2s} 


= [0.5(Ro + Ryo) +Rp+0.29(Xo + Xho) + 0.577(Xp¢ + X2)} + 
(41) 


G{0.5(Xo + Xfo) + Xf — 0.29(Ro + Ryo) — 0.577(R¢ + R,)} 


These are the primary impedances with a line-to-ground fault 


when the potential and current transformers are connected in A. 


With the potential transformers in A and the current transformers 


in Y: 

En + et Eg, = (Zo + Zh + 2Zp/) ela, + jZ, 
Tao at Tay a Tg = 31a 

Tao a Tg, + alg, = 0 = Tq ar alg, ate aT a. 


a V/3(e Ea ap GSEs) & 1 


Z 
mY Tao + Ta + Tae V/3 


{ (Zo + Zo + 2Zp)el* + 5Z,} 


= {0.5(Ro + Ryo) + Rp — 0.29(X0 + Xf) — 0.577(X¢ + X2)} + 


J{0.5(Xo + Xp) + X¢ + 0.29(Ro + Ryo) + 0.577(Ry + R2)} (42) 
Zyc = © (43) 
Zea = © (44) 


F—LINE-TO-GROUND FAULTS 
Past THE POWER TRANSFORMER BANK (A to Ground) 


The characteristic equations for this case are: 


E 
Zfo + Zi + Z2 + 2LZF 


Ey, = E — 2g = (2. + Zp + 2Zf) Tar 


Igo = Tq, = Ig, = 
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(40) 


Eq = —Z)I, = —Lla 

From which: 

Ea + aEg, = (Zf + 2Z/Ia + (1 — a) Lela 
Eu + Ea. = (Zfo + 2Z)Lar 

En + PE = (Zf + 2Zf)Ta + (1 — a?) Zotar 


Tq, + alg, = — Tg, 
Tq, Ar Tq, = 21a, 
To, + lg, = —odg, 


Substitution in the fourth column of table II gives: 
Ze a Eq, + aEgy 
Tq, + alge 


{ Re + 1.73(X¢ + X2) + V.5Rfo + 0.866X fo} + 
j{X¥ — 1.73(Ry + Re) + 0.5X fo — 0.866Ryo} 


IE; ae 13, Zz R ; x; 
Uh ep B= (a+ 2) +i(x:+7f) (46) 


= (Zh + 2Zper" — jV/3Z, 


(45) 


Tg, + Toe 


Eq ae ow Eg, ; . 5 
SSS BS (YG 2Zp)e? 6° Zz. 
ae ee + jV3Z, 


{Ry — 1.73(X¢ + X2) + 0.5Rp — 0.866X yo} + 
G\X7 + 1.738(Re + Re) + 0.5Xf + 0.866Ryo} 


Zea = 


(47) 


These are the primary impedances with a line-to-ground fault 
past the power bank when the potential and current transformers 
are connected in A. 

With the potential transformer connected in A and the current 
transformers connected in Y: 


Eg — e7 Ea, = { (Zp + 2Zp/e + V/3Zp\ Ia 
Eon + Ey = (Zyo aP 2£Zf) Tax 

eB — O° Eg, = {ce "(Zpy + 2Z/) + V/32Z.}Ia 
In — In, = 0 

oly, — alg, = —V/3jIn 

alg, — Cg, = V3ila 

V8(EM En — eFax) 


Zub = 48 
ab TS ae T. ( ) 
—j(Ey + E, 3 
Ztc =. ae ORE! Zp + 2Z7 = (Ryo + 2Rf) + 
Gg, — alas r 
{Xjfo + 2X4) (49) 
vale 3 —180 Fe uy 730 : 
Zee = v/3(e a1 é a2) <= (Zo ae 2Z,es9 + jrx/3Zy 
alg, — aD ge 
= {Ry — 1.73(X¢ + X2) + O.5Rfo — 0.866X fo} + 
i{ Xp + 1.73( Re + Re) + 0.5X Fo + 0.866Ryo} (50) 


Appendix IIl—Performance 
of the Directional Elements 


In the 2 preceding appendixes formulas are given for calculating 
the relay primary ohms under various fault conditions. No men- 
tion is made there of the directional elements. However, no analy- 
sis of distance relays would be complete that did not take into con- 
sideration the performance of the directional elements. 

The primary voltages and currents acting on the directional ele- 
ments of the 2 types of distance relays most commonly used in the 
United States, the ““HZ”’ and the ‘“‘“GAX,”’ are given in table I. 

The directional element of the ‘“HZ” relays has true wattmeter 
characteristics and requires very little energy to operate. For this 
reason, in order to check its performance under any specific condi- 
tion, it will suffice to determine the angle between its primary volt- 
age and its primary current; when this angle is less than +90 
degrees the directional element will close its contacts, otherwise it 
will not. It may be noted that the angle in question is equal to 
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Table IV—Ratios for Calculating the Phase Angle Difference Between the Primary Voltages and Currents Acting on the 
Directional Elements of the Impedance Relays* 


—— 


Potential Transformers Connected in A; Current 


Relay Potential and Current Transformers Connected in A Translormers Connected Y. 
Num- No Grounded Neutral | Grounded Neutral A/Y No Grounded Neutral A/Y or Y/A 
ber A/Yor Y/A Power Bank | or Y/A Power Bank In- Y/A Power Bank Interposed Sphsreeed pation tiet tC) We 
(Fig- Ohm Interposed Betweenthe | terposed Between the Between the Relays and the tweonithe Relayaand thakauit 
ures | Element | Relays and the Fault | Relays and the Fault Fault 
1,2,3) al io 
| Es—E. | Bate H*0+-Eos Eqe 1 — Eaz E,—E; V3 (Ene 80+ Eq2e!?) V3 (Eare~!80 — Eqre? 3?) 
1 Zab | oat yt Tai +1 are7i60 Tai — Ta2¢~18 ie | Tqo+-Tait+Ta2 Ta1—Ta2 
|- 
| E,—Ea Equie?®) — Eq2¢® Eqie~ 80+ Eqre 180 E,—Ea V3 (Ease 130 —jEq2) \/3 (Eaie/29+-jEa2) 
2 Lhe ae Tales Tatas Th algotTatela: Tai—a?’laz 
Ec~Ey | €1%(Ea~ Eas) ¢18°(Ea + Eas) E.~E» V/3e7)0(Eat — Eas) V3e7i30(Ear + Eas) 
3 Zea I.—Te =| Tai t+Ta2ei Tq1 — Ta2€!% Tc aTaot+lat afar Tq1—ala2 


' * Where the angle of the ratio is positive the voltage leads, otherwise it lags the current. 


the angle of the vector ratio between the primary voltage across, 
and the primary current through, the directional element and there- 
fore may be calculated from table IV, where the ratios of the volt- 
ages to the currents acting on the directional elements have been 
tabulated in terms of sequence components. 

The formulas of table IV are general and may be used in any case 

. irrespective of the complexity of the network; in applying them, the 
necessary sequence components must be calculated disregarding the 
effect of the connections of the power bank in much the same manner 
as explained for table IL. 

In the case of the “GAX”’ relay, the directional (starting) element 
does not operate unless the relay current is larger than a certain 
value that varies with the magnitude and phase angle of the relay 
voltage. 

The starting characteristics of the starting unit of this relay, 

adjusted to obtain maximum torque when the relay current lags the 
relay voltage by 75 degrees, are shown in figure 6. With reference 
to this figure, for any relay voltage, the starting element will trip if 
the terminal of the vector representing the relay current falls to the 
right of the operating line for the particular voltage applied at the 
relay terminals. Thus, if the relay current J; should be 20 amperes 
and should lag the relay voltage by 10 degrees, the starting unit 
‘would trip if the latter were smaller than 90 volts, and would not 
trip if it were larger. From figure 6 the starting characteristics 
of the starting unit may be obtained for maximum torque at angles 
other than 75 degrees. All that is necessary to do is to rotate the 
operating lines (which in figure 6 are perpendicular to the line drawn 
from the origin at an angle of 75 degrees with respect to the voltage 
axis) until they become perpendicular to a line drawn from the origin 
at an angle equal to the angle at which maximum torque is desired. 

The starting characteristics of figure 6 may be expressed differ- 
ently by saying that for a given relay voltage the starting unit 
will operate if the projection of the current vector, on the line of 
maximum torque, is larger than a certain value Ij, equal to the cur- 
rent intercepted, on the line of maximum torque, by the operating 
line for that voltage. That is, the starting unit will operate if 


T, cos (@ — ¢) > Im (51) 


Where J; is the magnitude of the relay current, @ is the angle of maxi- 
mum torque (75 degrees in figure 6), and ¢ is the angle by which the 
relay current lags the relay voltage. From table I, it may easily 
be seen that ¢ coincides with the angle of the primary impedance 
(for the element under consideration) as calculated in appendixes 
I and II and tabulated in tables II and ITI. 

The variation of I with the voltage is shown in figure 7. The 
starting unit will operate if, in correspondence of the voltage Ey 
existing at the relay, J; cos (9 — ¢) is positive and above the curve of 
figure 7. 

By multiplying both members of equation 51 by Ey, the relay volt- 
age, the starting characteristics of the “GAX” relay could be ex- 
pressed in terms of power, which in turn could be calculated in terms 
of the sequence components of the primary voltages and currents. 
The relations obtained would, however, be too complicated: to be 
of any real practical value. In practice, it will probably be found 
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more convenient to check the performance of the starting unit di- 
rectly from figure 6 or figure 7 after computing the relay current and 
voltage, with the aid of the formulas given in appendixes I and II, 
and their phase angle difference, from the expressions of Zab, Zbc, 
Zea given in tables II and III. 


Appendix !V—Numerical Example 


Further to illustrate the use of the formulas given in the 38 pre- 
ceding appendixes and tabulated in tables I, II, and III, they 
will be applied to the case of a transmission line of the system with 
which the author is associated. In this particular case, ““GAX” 
reactance relays are used. Their location and the impedances of 
the various circuits to currents of positive, negative, and zero se- 
quence are shown in figure 8. The generating capacity connected to 
the H bus varies under different operating conditions. An overhead 
transmission line is connected to the bus D. The impedances of this 
transmission line to currents of different sequences, in per cent per 
mile at 100,000 kva are shown in figure 8. 

Under 2 different operating conditions Z,, Z:, Z) have the follow- 
ing values: 


Operating Conditions 


A B 


Z, (per cent at 100,000 kva)....0.17 + j8.41....0.17 + j17.21 
Z, (per cent at 100,000 kva)....0.17 + j8.41....0.17 + 17.21 
Z) (per cent at 100,000 kva)....0.17 + j7.51....0.17 + 718.71 


The current and potential transformers are connected in A and the 
settings of the relays at r in per cent at 100,000 kva are as follows: 


Furstistep..t6 thiaset tia oS DOCS EE Le aoe Cee 6.2 per cent 
Second ‘step yr: cy + cee tewee Gp eee ee a ea 10.38 per cent 
Third step sini, Son Gao hoe ee eee not used 


In this case, with a line-to-ground fault at one of the terminals 
of the power transformer, neglecting the effect of the arc impedance, 
noting that Zy = Zf = 0, and assuming no supply from the further 
end of the overhead line, from the fourth column of table III, the 
primary impedances in per cent at 100,000 kva may be calculated at: 


(=8. 0e?26-48) (= 18. 9e?30-50) 


Primary Operating Conditions 
Relay Impedance A B 
LTRs ehiste caste steven hace Zab = —6.94 + §j3.9 —15.28 + 79.5 
(= 7. 94e? 119-40) ( = 18? 121-45) 
2 aie (isl stinialstaisilei's\ a) aiielici'si(elsirs) as) opts Lic => foo) foo) 
Die Melousns ere Mare fait ae Zea =7.12 + 13.60 15.46 + 79.21) 


With line-to-ground faults at this location, the secondary current | 


flowing in relay 1 has the same magnitude as the current flowing in 
relay 3. 


found to be 20.5 amperes under operating conditions B and 44.9 
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Calculated with the aid of the formulas given in appendix | 
II and the ratio of transformation shown in figure 8, this current is _ 


| 
| 


j 


2 


; 


amperes under operating conditions A. The primary voltage 
across relay 1 (Zad) leads the relay primary current by 119°40’ 


_ under operating condition A and by 121°45’ under operating condi- 


BR, = 


tions B. The primary voltage across relay 3 (Zea) leads the relay 
primary current by 26°48’ under operating conditions A and by 
30°50’ under operating conditions B. From the curves of figure 6 


_ it is seen that the starting unit of both relays will operate in both 


cases. Under the assumed conditions, neglecting arc resistance, a 
line-to-ground fault at the low voltage terminals of the transformer 
would, therefore, cause relays 1 and 3 to operate in their first step 
under the operating conditions A and in their second step under the 
operating conditions B. 

The numerical values obtained for Zap and Zea for the fault under 
consideration show clearly that the relay ohm indications are closely 
dependent upon the operating conditions as reflected in the values of 
Zand Z,. The formulas of table III show also their dependence 
upon arc impedance and the impedance to zero sequence currents. 
For these reasons, as it is well known, distance relays cannot be re- 
lied upon to protect against line-to-ground faults. In the case con- 
sidered, however, they would protect for faults at the specified 


location, should these occur under the assumed conditions or their 


equivalents. 
Consider now the case with faults past the transformer bank. 
With 3 phase faults, the relays reach partially into the transformer 
bank with their first step. Their second step reaches 2.85 miles into 
the overhead line. In fact for a fault at this location the primary 
impedances Zap, Zic, Zea of table III become: 


Zw = 2p = Zea = (1.95 + 710.87) per cent at 100,000 kva 
With line-to-line faults (B to C), 


0.97.+ 0.78 + 0.069x = 
7.04 + 2.13 + 0.421x = 


1.75 + 0.069x 
9.17 + 0.421% 


Xf = 


x is the length, in miles, of overhead line between the substation D 
and the fault. 

Under the operating conditions A, (Z, = 0.17 + 78.41), the pri- 
mary impedances assume the following values: 


Zo = {1.75 + 0.069x — 0.577(9.17 + 0.421x + 8.41)} + 
G{9.17 + 0.421% + 0.577(1.75 + 0.069x + 0.17)} 
= —(8.40 + 0.174x) + j(10.275 + 0.461) 
: Loe ae ee 
Zeg = {1.75 + 0.069% + 0.577(9.17 + 0.421% + 8.41)} + 
G{9.17 + 0.421% — 0.577(1.75 + 0.069x + 0.17)} 
= (11.90 + 0.312x) + 7(8.065 + 0.381x) 
On the basis of the reactances that would be indicated by the 


ohm units, from the above expressions, it is seen that under the as- 
sumed conditions, the second step of relay 3 (Zea) would reach 6.05 
miles into the overhead line. In fact, for x = 6.05, the reactance 
component of Zea is 10.38 at 100,000 kva. 

However, before saying definitely whether or not the relay will op- 
erate, the performance of the starting unit must be checked. From 
the formulas given in appendix II for this type of fault, and the 
current transformer ratio shown in figure 8, the voltage and current 
acting on the relay may be calculated at 80.5 volts and 27 amperes 
the former leading the latter by 37 degrees. Reference to figure 6 
will show that the starting element will operate. Thus it may be 
concluded that under the assumed operating condition the second 
step of the relays reaches 6.05 miles into the overhead line. 

For faults on the cable under the same eperating conditions: 


Ry = 0.97 + 0.0708x Xf = 7.04 + 0.1935x 
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where x is the distance in miles between the power bank and the 
fault. The primary impedances may be calculated at: 


Zab 


0.97 + 0.0708% — 0.577(7.04 + 0.1935x + 8.41) + 
{77.04 + 0.1935x + 0.577(0.97 + 0.0708 + 0.17)} 
0.97 + 0.0708% — 8.95 — 0.1115« + 
7{7.04 + 0.1935x + 0.66 + 0.0409x} 
= —(7.98 + 0.0407x) + j(7.7 + 0.2344x) 
Loc aS Oo 
= 0.97 + 0.0708x + 8.95 + 0.1115x + 
7(7.04 + 0.1935x — 0.66 — 0.0409x) 
= 9.92 + 0.1823x + j(6.38 + 0.1526x) . 


I] 


N 
i~} 
| 


From which by putting x = 0 it may be seen that relay 3 (Za) will 
trip with a line-to-line fault on the 132 kv terminals of the trans- 
former, that is, the relays protect the transformer bank with their 
first step, instead of only a portion of it as under 3 phase fault con- 
ditions. For line-to-line faults on the cable (0 < x < 11) both 
relays 1 and 3 (Zap and Za) will trip in their second step. For 
faults on the overhead line past the substation D, only relay 3 
(Zca) will trip, reaching 6.05 to the right of D as noted on the pre- 
ceding page. 

Stili with a line-to-line fault past the transformer bank, under 
operating conditions B (Z, = 0.17 + 717.21): 

Faults on the overhead line: 


Zab = —(18.48 + 0.174x) + 7(10.275 + 0.461x) 

Loc Latah) 

Zea = (11.92 + 0.312%) + 7(8.065 + 0.88x) + 5.08 
= (17.0 + 9.3i2x) + 7(8.065 + 0.38x) 

For x = 6.05 miles 

Leg = A889 4-710.885=21.6e 

Ry = 1.75 + 0.417 = 2.167 


Xy = 9.17 + 2.55 = 11.72 

Z = Z, = 0.17 4+ jl7.21 

Z, + 2. + 2Zy = 2(0.17 + 717.21 + 2.167 + 711.72) 
= 2(2.34 + j28.93) = 58.0e7*>* 


From equation 16 of appendix IT: 


4370 X 100 
5Rei85-23 


In = —Ig = = 7550¢ 77858 


from which the primary current for relay 3 (Zea) is calculated at: 
v/302(Ta, + ola) = 30g (1 — a?) = —3eF°Tg, = 226507" *" 


On the basis of the current transformer ratio given in figure 8, and 
the caiculated phase angle of Zea, the secondary current in relay 3 
(Zca) is 18.9 amperes lagging the relay voltage by 28°40’. From 
figure 6 it is seen that with a current of this magnitude and phase 
angle, the starting unit of this relay will operate irrespective of the 
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Fig. 8. Schematic diagram 


TRIPPING DIRECTION 
ic . 
je of reactance relay installa- 


GAX REACTANCE 
RELAYS 


tion on transmission line 
Figures for per cent impedance at 100,000 kva are as follows: 
1. 0.17 + j2.11; positive, negative, and zero sequence 
2. 0.97 + j7.04; positive, negative, and zero sequence 
3. 0.78 + j2.13; positive and negative sequence 
4. 9.49 + j1.73; zero sequence 
5. 0.069 + j0.421; per cent per mile positive and negative 
sequence 
6. 0.386 + j1.175; per cent per mile zero sequence 
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voltage magnitude. Thus the distance protected in this case is the 
same as under operating conditions A. This is because (Hale Tk2= 
sistance term of the impedance Z: has been assumed the same for 
both operating conditions, and the change in reactance does not 
prevent the starting unit from operating. However, if the Tesis- 
tance term of Z) should not remain constant, causing a variation of 
the reactance term of Zca, or if the change of the reactance term of 
Z, should be large enough to cause the starting unit not to operate, 
the distance protected would vary with the operating condition. 
Under operating conditions B and line-to-line faults in the cable: 


Zep = —(13.06 + 0.0407x) + 4(7.7 + 0.2344x) 
Z = eo 
zZ., = 15.0 + 0.1823x + j(6.38 + 0.1526x) 


That is, the distance protected by the first step of the reactance re- 
lays remains the same as under operating conditions A as could 
have been foreseen from the preceding discussion. 

It has been stated that with 3 phase faults the balance point of the 
second step of the relays is 2.85 miles into the overhead line at the 
right of the substation D. With a fault between phases B and C 
and ground at about the same location, the relay primary impedances 
under the 2 specified operating conditions, neglecting the are im- 
pedance, are shown in table V. From this table it is seen that under 
the assumed conditions, relays 1 and 2 cannot trip. As to relay 3, 
its primary ohm indication is slightly above the second step under 
operating condition A and more so under operating condition B. 
The starting unit will operate under both operating conditions, as 
may be easily checked with the aid of the formulas given in appendix 
II under item D. Thus, under operating condition A, the relay 
protects slightly less than or about the same distance as with 3 
phase faults. Under operating conditions B, the relay protects 
decidedly less than with 3 phase faults. In both cases it protects 
less than with line-to-line faults. Any deviation in the value of 
the impedance to zero sequence currents Zfo, or any change in 
the operating conditions causing a change in the value of Z,, would 
affect the distance protected by the relays in the measure indicated 
by the formulas of table III, as the arc impedance would if it were 
different from zero. 

With a line-to-ground fault on the overhead line under the 
operating conditions A: 


Z, = 0.17 + j8.41 

Zy = 0.97 + j7.04 + 0.78 + j2.13 + (0.069 + 7.421)x 
= 1.75 + 0.069x + (9.17 + 0.421%) 

Ry = 1.75 + 0.069x 

Xf = 9.17 + 0.421x 

Zfo = 0.97 + j7.04 + 2.42 + f1.73 + (0.386 + 1.175) 
= 3.39 + j8.77 + 0.386x + j1.175x 

Ryo = 3.38 + 0.386x 

Xfo = 8.77 + 1.175x 

Za = {1.75 + 0.069x + 1.73 (9.17 + 0.421% + 8.41) + 

0.5 (3.39 + 0.386x) + 0.866(8.77 + 1.175x)}+ 

9{9.17 + 0.421x — 1.73(1.75 + 0.069% + 0.17) + 

0.5 (8.77 + 1.175x) — 0.866 (3.39 + 0.386x) } 
= 41.445 + 2.012” + 7(7.305 + 0.556x) 

Zc = 3.445 + 0.262% + 7(13.555 + 1.009x) 

Zea = —(84.555 + 1.49x) + 7(19.8 + 71.462x) 


On the basis of the reactance indicated by the ohm units, the above 
expressions of Zab, Zbc, Zea, Show that with a line-to-ground fault 
under the specified conditions, relay 1 (Za}) would reach 5.5 miles 
into the overhead line. Of course, the complete analysis of the 
performance of each relay requires that the performance of the start- 


Table V—B-to-C-to-Ground Fault 2.8 Miles to the Right 
of Substation D of Figure 8 


= 
— 


Operating Conditions 


A B 
Zi = Z2.% at 100,000 kva 0.17 + 78.41 0.17 + 917.21 
Z % at 100,000 kva 1.94 + 710.35 1.94 + 710.35 
Zjo% at 100,000 kva 4.47 + j12.06 4.47 + 712.06 
Relay les... cc. Zab% at 100,000 kva —3.77 + g13.18 —4.76 + j14.22 
Relay 2. fs cscs Zoc% at 100,000 kva 10.88 + 734.47 10.88 + j34.47 
Relay Se cao cos Z-a% at 100,000 kva 7.93 + 710.455 9.11 + 710.762 
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ing unit be analyzed. The calculated voltage and current acting on 
relay 1 (Zab) with a line-to-ground fault at this location are, respec- 
tively, 105.3 volts and 11.3 amperes, the former leading the latter by 
11°10’. With these values, and the starting unit set for maximum 
torque when the relay current lags the relay voltage by 75 degrees 
(figure 6), the ““GAX” relay would not trip. However, it would 
trip if the relays were set for maximum torque at a smaller angle, in 
the neighborhood of 45 degrees lag. 

Under operating condition B (Z, = 0.17 + j17.41) and a line-to- 
ground fault on the overhead line it is obtained: 


Zep = 71.245 + 2.012% + 7(7.305 + 0.556x) 
Ze = 3.445 + 0.262% + 7(13.555 + 1.009x) 
Ziq = — (64.355 + 1.49x) + j(19.8 + 71.462x) 


The reactance components of Zags, Zeca are the same as under 
operating condition A, due to the fact that the resistance component 
of Z, has been assumed the same for both operating conditions. 
However, on account of the fact that the angle by which the pri- 
mary relay voltage leads the primary relay current is small (angle of 
Zab) the starting unit of relay 1 will not operate, not even if the 
fault is at the substation D. It may be of interest to note that if the 
third step had been used, relay 2 (Zp-) would have reached several 
miles into the overhead line. 

With a line-to-ground fault on the cable still under operating 


conditions A (Z, = 0.17 + 78.41): 


Ry = 0.97 + 0.0708x 

Xf 7.04 + 0.1935x 

Rf = 0.97 + 0.22% 

Xfo = 7.04 + 0.157% 

Zap = (34.26 + 0.652x) + 7(7.745 — 0.0415x) 
Zyc = 1.455 + 0.1808x + 7(10.6 + 0.272x) 

Zea = —(31.84 + 0.2892x) + 7(13.875 + 0.586x) 


With a line-to-ground fault at the 132 kv terminal of the trans- 
former bank: 


ll 


Z, = Z, = 0.17 + j8.41 per cent at 100,000 kva 
Zp = Zf = 0.97 + j7.04 
Zi + Z, + 22% + Lf = 3.25 + j37.94 = 36.0e7*** 
4,370 X 100 | _iss-6 


= 12,150e-7*** 
36 


Tyo = Ty; =I, = 


Relay 1 (Zab) primary current: 


V8a(lar + ela) = —v/3Ig = —21,0000-7°°* 


21,000 
1,200 


Magnitude of relay secondary current, = 17.5 amperes 


Relay primary impedance 


Li = (34.26 + j7.745) per cent at 100,000 kva 
= 35.7e’'®* per cent at 100,000 kva 


Magnitude of relay secondary voltage 
——— X 35.7 = 171 per cent or 1.17 X 63.5 = 99 volts 


As this voltage leads the relay current by 12°35’, from figure 6, it 
is seen that the starting unit when set for maximum angle at 75 
degrees, will not operate. It would operate if it were set for maxi- 
mum angle at 45 degrees. Again it may be noted that if the third 
step of the relays had been used, relay 2 (Zsc) would have tripped 
on this step with line-to-ground faults on the cable. 
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Vibration of 
Cables and Dampers—Il 


An analysis of the vibration of cables and 
dampers, representing the results of several 
years of research and laboratory and field 
testing, is presented in this paper. In Part 
| which was published in the May 1936 
issue, an explanation of the causes and 
nature of free harmonic vibration of cable 
is offered, followed by an analysis of the 
resulting stresses. In Part Il, presented 
herewith, various ways of reducing the 
maximum stresses and means of controlling 
the vibration are discussed, including an 
analysis of the action of Stockbridge 
dampers. Applications of the formulas 
to specific cases are given, and compari- 
sons are made with experimental data from 
laboratory and field. 


By 
R. G. STURM 


Aluminum Research Labs., 
Assoc. Am. Soc. of Civil Engrs. 


A eee are 2 general types of meth- 
ods of preventing fatigue failures in cables resulting 
from stresses developed in service. The total stresses 
in a cable result from combinations of stresses exist- 
ing in the strands before stringing, those set up dur- 
ing stringing, and the stresses caused by vibration. 
The first type of prevention of fatigue failures to be 
discussed is the protection of the cable against the 
deleterious effects of vibration without trying to 
lessen it; the second type is the damping of the vi- 
bration to the extent that it will not be serious. 

The first of these 2 general types of methods may 
be divided further into 2 distinct methods. One is 
to reduce the stiffness or fixation of the cable or its 
connections, thereby reducing the stresses resulting 
from vibration. The second is to add a protective 
covering to the cable in the region of high stress, 
with the aim of having this protective covering 
carry most of the oscillating stresses while the cable 
carries only the direct tension. | 

Equation 51 (equations 1 to 71, inclusive, are 
given in part I of this paper) gives an expression 
for the bending moment at the fixed end of a cable 
under the dead weight of the cable, and equation 
58a gives an expression for bending moment at the 
end of the cable after the clamped end is permitted 
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to rotate by an amount 6. It may be noticed that 
if the end be permitted to rotate sufficiently a condi- 
tion of zero moment may be obtained. For vibrat- 
ing stresses, equation 5la gives the bending moment 
at the clamped end of a cable assuming the ends 
held rigidly in position, and equation 63 gives an 
expression for the bending moment that would occur 
if the end were free to oscillate by an amount (\. 
Again it may be seen that if the end of the cable be 
permitted to rotate sufficiently without restraint 
it is possible for a true node to occur at the clamp 
and consequently the bending moment at the clamped 
end again would be zero. 

In studying actual cases it is necessary to consider 
the behavior of a center span of several suspension 
spans. Here practical difficulties arise in attempting 
to bring about hinged conditions, although such 
conditions might appear to be advantageous. In 
order to obtain a true hinged end effect, adjacent 
spans must be synchronized exactly so that the end 
loop in one span is in its uppermost position while 
the end loop in the other is in its lowest position. 
Ii they are both up or down at the same time the end 
conditions are nearly fixed. Field observations on 
the angular oscillation of supporting clamps will 
give data on the amount of fixity that might be 
expected in practice from various types of support- 
ing clamps. Wright and Mini’ have made some 
observations along this line which serve as a start 
toward collecting such data. 

Bellmouthed clamps may be used, which will 
tend to reduce the stresses at the clamped ends of 
cables provided the radius of the bell mouth is 
greater than the radius on which the cable naturally 
would tend to bend. The limiting stress then at a 
bellmouthed clamp would be that stress produced 
by bending the cable over a radius equal to the 
radius of the bell mouth. If R is the radius of the 
bell mouth, the maximum bending moment that can 
exist in a cable may be computed from 


EI 


p (72) 


The stress may be found from equation 52 and 
generalized as 


M cEo 


=> 2 
3 > “SEF see 


fora’ strand cable. Thus by properly designing bell- 
mouthed clamps, the maximum stress variations 
may be reduced appreciably. While it is not prac- 
ticable to eliminate all possibility of failure by this 
means, recent trends in design of clamps indicate 
attempts to minimize the residual stresses during 
vibration. 
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The second means of protecting the cable against 
stresses is that of adding material at the points of 
maximum moment, the outstanding example of 
which is the use of armor rods. In general, the 
cable is strung first and the armor rods are applied 
after the cable is in place. In this way it 1s assured 
that the cable carries practically all the direct ten- 
sion. The armor rods are wrapped tightly around 
the cable and extend a considerable distance on 
either side of the supporting clamp. The resulting 
effect is that the strands of the armor rods which 
overlay the cable will make this portion of the cable 
considerably stiffer with the result that any curva- 
ture caused by bending will tend to be less sharp, 
thereby causing less bending stress in the cable it- 
self. Tests are now in progress to determine from 
actual measurements the extent to which such 
amelioration of the stress condition is effected by 
armor rods. 

In a recent conference on cable vibration*® a report 
on the commercial use of armor rods was given. This 
report indicates that armor rods provide a very sub- 
stantial protection to the strands of actual conductors 
in service. 

The second general type of prevention of fatigue 
failures, which is the damping of vibration to control 
its amplitude, is discussed in the following section 
of the paper. 


CONTROL OF VIBRATION 


Since the phenomenon of vibration is the result 
of a condition of resonance between the eddy fre- 
quencies of the air currents passing over the cable 
and the natural frequencies of the cable itself, a study 
of the nature of the building up process of vibration 
is essential. Ernest Bate® of Australia has formulated 
an expression for the energy transmitted to a vibrat- 
ing cable by the wind. This formula may be written 


U = 0.000022V2DA L’ (73) 
where 

U = energy input per loop per cycle in foot pounds 

V = velocity of wind in miles per hour 

D = outside diameter of the cable in inches 

A = amplitude of vibration in inches 

L’ = loop length or distance between node points in feet 


Thus it may be seen that the energy input into any 
given cable vibrating at a given frequency varies 
directly as the amplitude. 

From tests made on the deflection of cables, it has 
been found that a hysteresis loop always occurs when 
a cable is deflected and the load removed. It has 
been found also that the width of this hysteresis 
loop is nearly proportional to the maximum dis- 
placement. Furthermore, the area of the hysteresis 
loop is a direct measure of the energy dissipated 
and may be represented by a constant times the 
product of the width of the hysteresis loop and the 
maximum displacement. Therefore, the energy 
dissipated in deflecting the cable varies as the square 
of the maximum displacement. If Bate’s formula 
is correct, then it must follow that when the ampli- 
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tude is very small the energy input from the wind 
will exceed the energy dissipated by the cable, 
but that as the amplitude increases the energy dissi- 
pated by the cable will reach a magnitude equal to 
the energy input from the wind. Thus a limiting 
amplitude will exist for every set of conditions. The 
cable will start to vibrate with a very small ampli- 
tude at first, and then the amplitude rapidly will 
increase to a maximum value but will not go beyond 
this maximum. The fact that this condition has 
been observed quite universally tends to show that 
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Diagram of Stockbridge cable vibration 
damper 


Fig. 5. 


Bate’s formula is qualitatively correct as far as 
amplitude is concerned. It follows then that for 
vibrating cables there is a natural control of the 
amplitude and consequently of the vibratory stresses. 
Information available at present is not sufficient to 
estimate the maximum amplitudes of vibration for 
commercial sizes of cables under field conditions. 
If the hysteresis characteristics for cables of com- 
mercial sizes at various tensions were known, the 
maximum amplitudes of vibration could be predicted 
quite definitely. 

When armor rods are used the cable is stiffened 
effectively in the vicinity of the clamped ends and the 
natural frequency of the vibration for a given loop 
length of the cable near the supports will tend to be 
increased. The added weight of the armor rods, 
however, will tend to decrease the natural frequency. 
Since the frequency of the end loop is determined by 
the frequency of the loops in the span, there must be 
a change in the loop length to offset the effects of the 
armor rods. The loop length may become longer or 
shorter depending upon whether the effect of the 
stiffness or the effect of the weight is the greater. 
The armor rods also cause an increased dissipation 
of energy in the vicinity of the clamps resulting from 
the disturbing forces necessary for the cable to flex 
the armor rods. It has been found from laboratory 
and field tests that armor rods will decrease the 
amplitude of vibration as much as 20 per cent. 
This reduction of amplitude aids in reducing stresses. 

If dead weights, such as balls of lead, be attached 
rigidly to the cable at points arranged so as to fall 
within the normal loop lengths of vibration, that is, 
at prime factors of the loop lengths, the normal vi- 
bration of the cable again is disturbed and a greater 
amount of energy will be dissipated for a given 
amplitude with dead weights than without dead 
weights. Thus a material reduction in amplitude of 
vibration would be brought about by the addition 
of properly sized and spaced weights. No tests have 
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been reported to date to show, quantitatively, the 
effect of dead weights. 


Another way of reducing the amount of vibration 


in a cable is to make the cable of irregular cross sec- 


tion so that the eddy frequency set up by the wind 
in one portion of the cable will be different from the 
eddy frequencies set up in adjacent portions of the 
cable. If this were done, exact resonance would not 
occur and if a partly resonant vibration should be 
started there would be a tendency for the impulses 
from the wind eddies to oppose each other. As a 
net result, the energy put into a cable of irregular 
section would be less than the corresponding energy 
put into a smooth cable. As a result, the amplitude 
at which the dissipated energy would equal the input 
energy would not be as great as for a smooth cable. 
This tendency has been observed in the field, but 
in the author’s opinion it is not sufficient to eliminate 
the fatigue hazard. The possibility of high con- 
centrations of stress at supports, resulting from ir- 
regular sections, should not be overlooked. 

In order to decrease the amplitude of vibration to 
such a point that the resulting stresses would not be 
serious, a great variety of damping devices has been 
proposed. In general, these various types of dampers 
may be classified as those intended to dissipate energy 
and those to serve merely as vibration absorbers. 
The use of vibration absorbers strictly as absorbers 
with no dissipation of energy may be dismissed at 
once with a consideration of the fact that if the cable 
vibrates at all a definite amount of energy is being 
delivered to it. In order to reduce the amplitude of 
vibration, the total energy dissipated must be greater 
than that dissipated by the cable itself. If a vibra- 
tion absorber be placed on a line its amplitude there- 
fore must increase continually (that is, the ampli- 
tude of the absorber itself) relative to the cable. 
Consequently, the relative amplitude of throw of the 
absorber will increase to such an extent that it 
either will fail or else will begin to dissipate energy. 

If the damper dissipates energy at relatively low 
amplitudes of vibration, it is conceivable that a 
sufficient amount of energy may be dissipated by the 
damper to prevent the amplitude of vibration of the 
cable from becoming serious. In general, friction 
dampers employ 2 principles: damping by mechani- 
cal friction, such as rubbing or striking together of 
parts, or forcing air or liquids through small open- 
ings; and the damping resulting from hysteresis 
loss within the stressed parts of the damper itself. 

The most notable example of a damper that dissi- 
pates energy by both friction between moving parts 
and internal friction in stressed metal is the Stock- 
bridge type of damper. This type of damper con- 
sists of 2 weights resiliently suspended from the 
conductor cable. These weights are attached rigidly 
to the ends of a double cantilever of steel wire cable 
which in turn is attached rigidly to the conductor 
cable. In field and laboratory tests this form of 
damper has been found to give excellent results 
when proportioned properly for the conductor on 
which it is used. In view of this fact it is desirable 
to study the behavior of the Stockbridge type of 
dampers with a view to determining the proper size 
and design of damper for any given cable. 
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ANALYSIS OF STOCKBRIDGE DAMPERS 


The analysis of a Stockbridge or any other damper 
requires first the establishment of conditions as- 
sumed to obtain throughout the analysis. It is 
desirable to assume a set of conditions that will 
represent most nearly the actual conditions in service. 
Considerable background of both field and labora- 
tory tests has been utilized in selecting the assump- 
tions made. 

It has been observed that a cable usually tends to 
vibrate at a constant frequency; but when the 
wind changes sufficiently in either velocity or direc- 
tion, a change in state of vibration occurs. The 
vibration may be irregular for a short time and then 
gradually settle down to its new state. This transi- 
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Fig. 6. Damping from load 


tion period may extend over several minutes or may 
be scarcely discernible. In any event it is of very 
short duration compared with the total time of vi- 
bration. 

Records of vibration of damped cables show that 
the amplitudes of vibration of the cable remain 
nearly constant over comparatively long periods of 
time. 

It may be concluded from these conditions that 
the damper may be considered as being operated at 
constant frequency and constant amplitude. The 
periods of transition from one frequency to the 
other may be neglected because of their short dura- 
tion and because they change gradually from one 
mode of vibration to another. 

Traveling waves in the cable during the transition 
period no doubt cause increased stresses in the 
damper, but the accurate evaluation of their effects is 
not feasible. While they will. not be included in 
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this analysis, it may be well to point out that ob- 
servations of actual transmission lines indicate that 
the amplitudes of the traveling waves are much 
smaller than those of the steady vibration. — Ex- 
perience has shown that if the uniform vibration 1s 
damped adequately, the traveling waves and beats 
also are damped so that very little overstressing may 
be expected. Since allowable stresses generally are 
selected somewhat below the maximum stress that 
the material will withstand safely, in order to 
provide against unknown conditions of temporary 
high stress, the occasional slight additional stressing 
from these neglected factors will be cared for ade- 
quately. 

Therefore, the damper will be assumed to be 
operated at a constant frequency until dynamic 
equilibrium is reached. It is this state of equilib- 
rium that is analyzed in this paper. In order to 
simplify the analysis, it is divided into 2 parts: 
The first part covers the case of an ideally elastic 
damper cable with no hysteresis; the second extends 
the analysis to the practical case of a damper cable 
having a definite hysteresis loop but whose average 
load-deflection ratio is identical with that of the 
first ideal cable. 

The object of this analysis is to determine the 
following elements in the vibration of the damper 
for any given frequency and amplitude of vibration 
of the center clip: 


1. Natural frequencies of damper. 

2. Linear displacement of damper weights relative to center clip. 
3. Phase angle between center clip motion and motion of 
weights. 

4. Angular displacement of damper weights. 

5. Force and couple exerted on damper cable by damper weight. 
6. Energy dissipated by hysteresis in damper cable. 

7. Stresses in damper cable caused by force and couple of the 
foregoing item 5. 


With these factors known, it is possible to predict 
the behavior of the damped conductor cable and 
damper for any given set of conditions. The design 
may be altered to give the optimum damping of the 
conductor cable without subjecting the damper parts 
to damaging stresses: 


VIBRATION WITHOUT DAMPING 


It is assumed in this part of the analysis that the 
damper cable is ideally elastic and uniform, and that 
it is clamped rigidly in a horizontal position at the 
center clip. Referring to figure 5, which shows the 
damper in both its normal and deflected positions, 
one may see that in order to obtain the displace- 
ment shown the forces acting on the damper cable 
would necessarily be a direct force, P, and a couple, 
C, applied at the point of attachment of the damper 
weight to the cable. In order to distinguish between 
the actual force and couple and the idealized force 
and couple, the idealized force and couple are 
designated as P and C. 

The static deflection under load of a perfectly 
elastic damper cable with forces P and C acting at 
the section where the weights are attached to the 
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cable may be found as the ordinary static deflection 
of a cantilever which is 


Fi en (74) 
3EI 2EI 

where 

Z = deflection of damper cable relative to the center clip, in inches 
(positive as shown in figure 5) 

P = force acting on idealized damper cable at weight, in pounds 

G = moment of equivalent couple acting on idealized damper cable 
at weight, in pound inches 

1 = clear or effective length of damper cable between center clip 
and point of attachment of weight, in inches 

EI = flexural rigidity of damper cable, in pound inches? 


The angular rotation at the end of the damper cable, 


and consequently of the damper weight, would be 
2EI EI 


where @ is the angular displacement of the damper 
weight in radians, and the other terms are as pre- 
viously defined. 

From D’Alembert’s principle, the dynamic forces 
that the damper weight will exert upon the damper 
cable may be treated the same as static forces equal 
and opposite to the product of the mass of the 
moving weight and the acceleration of its center of 
gravity. Thus, 


(76) 
where 


mass of one damper weight, pounds divided by acceleration 
due to gravity in inches per second per second 

acceleration of the center of gravity of the damper weight, in 
inches per second per second 


nm = 


a => 


The acceleration a@ may be found as the second 
derivative of the absolute displacement of the 
damper weights with respect to time. From figure 
5, the absolute displacement of the center of gravity 
of the weight would be the displacement, y, of the 
center clip minus the relative displacement of the 
damper weight with respect to the center clip. This 
relative displacement is the result of the deflection 
of the damper cable, Z, minus the displacement of 
the center of gravity by virtue of the angular rota- 
tion @. The acceleration then may be found as the 
second derivative of these displacements with respect 
to time or 


dy @PZ a9 
Ca a 

Gps ied? nue (77) 
where 


displacement of the center clip at time t, in inches (positive as 
shown in figure 5) 

time measured from the instant that the center clip passes up- 
ward through its neutral position, in seconds 

distance between the center of gravity of the weight and the 
point of attachment, in inches (positive as shown in figure 5) 


The moment acting at the point of attachment of 
the damper weight to the damper cable is made up 
of 2 parts: The first is the direct moment caused 
by the force P acting at the center of gravity of the 
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weight times the eccentricity e; the second is the 
solid moment of inertia of the damper weight times 
its angular acceleration. This moment can be 
expressed mathematically as 

— Hs d6 

me Pe + (78) 
where II is the solid moment of inertia of the damper 
weight and is equal to its mass m multiplied by the 
square of its radius of gyration in inches; the other 


Angle change at end of cantilever 
deflected an amount Z, is 6; = 
3Z/21 if C = O. The angle 
change resulting from a couple 
Cis = —CI/El. Thenegative 
sign results from the fact that 
in the sign convention previously 


established a positive couple C 
produces a negative angle change. 
Assume U2/Cy, = constant = 4, 
as for load. 
U 

Cn = = 

Gal Unl 
= Ff. BEI 
ae 
Dy, l 
In the state of steady vibration But 
© = Sp, sin wt eens 

oi 
“g = dy, w cos wt 
, dt = Om so 
de de@ 3 dz 

: db Se eh 

W, = maximum value of — dim sateese2tadi 
dt 
Therefore, 

a U, db dEl dé e sEl (de 3 =) 
sw, te di Soe Ae 91 dt 


Fig. 7. Damping from couples at free ends 


terms are as previously defined. _ 


Substituting the values of P, a, and C from 
equations 76, 77, and 78 into equation 74, 
1 e\[dy @&Z 9) _ Ul? 4% 
EIZ = ml? (5 == aN = A +e oa ua (79) 
Let K be the radius of gyration of the damper 
weight, in inches. By definition 
mM = mK? (80) 


Substituting this value into equation 79, 


al 2 ee ara ease 
Eze )\5, = sew ir 


(81) 


It may be noted that this equation contains only 
Z and @ as dependent variables; y is considered a 


known function. 
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Substituting the values from equations 76, 77, and 


78 into equation 75, 
le a6 L dy @Z 
= 2 2 = —_-_— Se 
EI@ — ml 5 e K \e ml € :) & =| (83) 


If 6 be eliminated between equations 81 and 83 
an equation in Z, y, and ¢ will result, in which y 
will be determined by the character of the forced 
vibration and therefore may be considered as a 
known function of ¢. The resulting equation is 


3! BL miP?K? d4Z by 
ie dt? 12 dt 
1 e\d?y mi? K* dty 
a(t ae ipa 
A solution of this equation for any function, y, 
will give the deflections of the damper cable as a 
function of the time ¢. Thus the relative displace- 
ment of the end of the damper cable is known, and 
from this the total displacement can be found. 


Equation 86 may be written in operator form as 
follows: 


(E1)?Z EI /[i? 
ml? L 3 


(86) 


(aD¢ + bD?+0)Z = f(r) (87) 
in which 
D = an operator equivalent to di 
ml? K? IBIET (Ihe (EI)? 
= b= —(—-—le 24. K2 = 
12 ; . ae ) ml? 


f® = 


If the center clip be moved up and down in simple 
harmonic motion, which is shown to be practically 
the case in field installations, the motion of the 
center clip may be represented by 


a function of ¢ resulting from the differentiation of y 


y = Aosin wt (88) 
where 
half the total travel of the center clip, in inches 


Ao — 
w = 2m times the frequency of vibration of the center clip in 


cycles per second 


From this it follows that 


a . 
a — Aow? sin wt 
dt? 

and 

d* 

ae = Apw‘ sin wt 
dt' 


Substituting these values in the right-hand side of 
equation 86, 


mi? K? l e : 
fl) = Ao 12 wee) LET ae w? | sin wt (89) 
which may be written 
f® = Qsin wt 
where 
Q = Ao E= wt a(s _ ) «| 
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It may be noted that Q vanishes when w = 0, Ap = 0, 
or when 


(90) 


which means that in the complete solution of the 
differential equation the particular integral vanishes 
for these cases. The first 2 conditions are obviously 
the conditions of a fixed center clip while the third is 
the frequency corresponding to pure rotational vi- 
bration of the damper weight about the point of 


attachment. } ; é 
The complementary function for equation 86 is of 


the form 


Z = Aysin pit + Az cos pit + As sin pot + As cos py (91) 

in which 

pe \’ — Vb? — 4ac (92) 
2a 

Pes \ + Vb? — 4ac oD 
2a 


A,, As, Az, and A, are arbitrary constants 


In connection with the complementary function 
it may be noted that p,/2a and p./27 are the natural 
frequencies in cycles per second at which the weights 
will vibrate. 

The particular integral for equation 86 is of the 
form 


Z = Asinwt + Bcos wt (94) 


The values of A and B may be found by substi- 
tuting the value of Z from the particular integral 
into the operator form (equation 87) of the original 
differential equation 86. The resulting equation 
is 


aAw* sin wt + aBw' cos wt — bAw? sin wt — bDBw? cos wt + 

cA sin wt + cB cos wt = Q sin wt (95) 
From equation 95 it follows that 

A(awt — bw? +c) = Q (96) 
B(awt — bw? +c) = 0 (97) 
Therefore, 

A= ——9 (98) 


(aw* — bw? +c) 
B = 0 provided (aw! — bw? +c) ~ 0. 


denominator of equation 98 may be factored 


( a a)() su) : 
2a 2a 
a(w? — pi?) (w? — py?) 


where p; and 2 have the values given in equations 
92 and 93, so that 


Q 


A= — 
a(w* — pt) (wt — py?) 


(98a) 
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The particular integral then is 


z Q sin wt 

— a(w? — pr?) (w? — pr?) 
Thus it follows that if w be equal to either p; or fy, 
the coefficient A, and consequently the amplitude, 
becomes indefinitely large. 

While the analysis thus far has assumed an ideal 
case, the values of p; and fp. as well as other fac- 
tors will be useful in the analysis where damping 
is considered. 


(94a) 


VIBRATION WITH DAMPING 


If the load-deflection curve for the damper cable 
describes a loop when the deflection is carried through 
a complete cycle, some energy is dissipated and there- 
fore damping results. Damping may be brought 
into the analysis by considering the deviation of the 
load-deflection curve from the ideal straight line 
assumed in the theory of elasticity. The method 
used in the following analysis is indicated in figures 
6 and 7. 

The elastic behavior is indicated by equations 74 
and 75. The eccentricity, e, is taken as zero be- 
cause in practice it is kept as small as possible and 
it may be considered separately in a quantitative 
way after the analysis has been completed. The 


values of P and C from figures 6 and 7 are 


2 3YEI dZ 
SRP eee 

a wir at (99) 

7 sEI [do 3 dZ 
mCi el 1 

C lw (z 21 | (200) 


Substituting these values in equations 74 and 75 
and rearranging, 


YEIdZ | 3 6EIdZ sEIl do Pli* CP 


EIZ ae = 
# w dt 4w dt 2w dt 3 2 ate 
SOE GWA SINE GHS OIL Gee 
EI6@ = - a ue 
y 2 wl dt v5 wl dt w dt 2 a (102) 


Equations 76, 77, and 78 then may be written 
as 


P = ma (76a) 
dy @Z 
a Hae rte) 
a0 


These values may be substituted into equations 101 
and 102. The resulting equations may be written 
as 


EI 3f q2 2 
aia (4 ba) 4 ee 2) 
Ww 


Gil Bad oes 
bEII do Wl? a 103 
2w dt Date ( ) 
3EI dZ ml* [ d?Z d’y dEI dé a6 
mea Oe ee) ae a Se) Rees Eo = pce es Se | 
2ul ce) dt ate 2 (22 =) UES w dt Sh dt? 
(104) 


From these simultaneous equations, @ may be 
eliminated and an equation in Z alone obtained 
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(assuming y is known). Multiplying equation 104 
by //2 and subtracting it from equation 103, 


EI’ dZ 3 [2 2 
EIZ + ml PZ dy _ Elle 
4w dt TZ NCGL? Bae? 2 


(105) 
The value of @ from equation 105 together with the 


relation II = mK? from equation 80 substituted into 
equation 103 gives 


ee a4 5\ dz 12 PEI 02Z 
ee (op \ Oe: ed iy = hak OZ 
Us ( :) zt |m(G+®) rele 


milf —at | Re |aez 
pei cd lant 


mKlt d’Z mls dy 


12k. 9 Bde 

bml8 3 m*K2]4 d4 

a ==, (105) 
12w di? ' 12ET dt 


Equation 106 is the complete differential equa- 
tion for the linear displacement of the mass center 
of the weights. The angular displacement may be 
found by substituting the solution for equation 106 
into equation 105. 

It may be noted that if equation 106 be multi- 
plied by (EI)/(ml’), the coefficients of all terms not 
containing damping factors become identical with 
the corresponding coefficients in equation 86, which 
is the differential equation for the linear displace- 
ment of the mass center of the weights when no 
damping is included. 

Equation 106 may be rewritten as 
(EI)? (EI)? P\dz EI [1 \ TaD? | a2Z 

es <2) «[8(" +n) ma] 


mi? 


EI| —él? i PKA a eZ, ff mK? d4Z EI d2y 
~ wih} 12 4 | dts (ona a 3° odie 
611 ds KI? d4 
—-2,% us (106a) 
12w dt? 12 dts 
Written in operator form this equation is 
[aDt + aD? + (6 +»)D? + BD + ¢]Z = 
[a,D4 + aD3 + biD?)y (106b) 
in which 
d a 
a Di =, et 
a ae 
mi*K? Ee 125 1 mi?K? 
Oo 2 jy = ih = 2 
12 wl} 12 4 12 
EI [12 (ED? 5 _ —sEll 
; - BE + xs] Praia toie 4 SF Mls 
(EI)? —v3(ED)? . Ell 
= 2) psa s bh = 
mi? 4w?ml? 3 


It may be noted that a, b, and c here are identical 
with the a, b, and c values given for no damping if 
e = 0, which is the case assumed. 

When the value of y, defined by equation 88, is 
substituted into equation 106d, the right-hand side 
of that equation becomes 


Ao(aywt — biw?) sin wt — Aoaaw* cos wt 


This expression may be transformed into a single 
sine function for an angle (wt + 9) where ¢ 1s the 
‘phase angle necessary for this transformation. 
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Let 

Ao(aiwt — byw?) = Qi cos ¢ 
and 

Apaw? = — Qi sind 


Substituting these values in the preceding expression, 
the resulting expression is 


Q: cos ¢ sin wt + Q; sin ¢ cos wt 


OT 

Qi sin (wt + ¢) 

in which 

Qi = AoV (aiwt — byw?)? + a?w (107) 
@ = tan peau? (107a) 


aw! — bw? 


Again Q, has a characteristic minimum value when 


Ties \ 4EI which is the same value that makes 
mK? 


Q = Oif e = 0 in the first part of this section. Thus | 
damping does not change the frequency at which Q 
is a minimum, but it does prevent Q from becoming 
zero. 

The complementary function for equation 106d 
must contain a factor e~” such that after a suffi- 
ciently long time all vibration will cease unless some 
external forces act on the damper. Since this condi- 
tion exists in practice, the complementary function 
must be transient and must disappear for all practical 
purposes after a time. Since only the steady state 
of vibration is considered in this paper, this transient 
vibration is dropped from the analysis. Thus the 
particular integral is all that need be considered. 

The particular integral must be of the form 


Z = Aysin (wt + ¢) + Bi cos (wt + ¢) 


where A, and B, are constants that will satisfy 
equation 106. The values of A; and B, are: 


(108) 


Qi(awt — bw? + ¢ — dw?) 
~ (awt — bw? + ¢ — rw)? + (aw? — Bw)? 
Oi(aw3 = Bw) 
~ (awt — bw? + ¢ — rw)? + (aw? — Bw)? 


A, 


(109) 


B, (110) 
This equation for Z may be transformed into a single 
sine function for an angle (wt + ¢ + W), where Vv 
is an additional phase angle necessary for this trans- 


formation. Now let 
A, = HeosV (111) 
and 
B, = Hsin¥ (112) 
Then 
H? = A+ By? (113) 
and 

—— 
v= tan = tan ! Wee SS (114) 


Substituting the values for A, and B, from equations 
111 and 112 in equation 108, 


Za 


ll 


H sin (wt + ¢) cos ¥ + H cos (wt + ¢) sin ¥ 
H sin (wt + ¢ + WV) 


(115) 
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The value of H may be found by substituting the 
values of A aud B from equations 109 and 110 in 
equation 113, 


Q: (116) 
V/ (aw' 52 +c — \w?)? + (ew? = pw)? 


The term (aw? — bw® + c) may be factored as 
follows: 


H = 


b Vb? — 4 
(awt — bw? +c) = aw a 2) x 
2a 
( b— a/b? _ 2) 
Ey yap) ees OIE SE Fert 


2a 


which may be written a(w? — p,)(w? — p,’), 
using the values of p; and p; from equations 92 and 


93. 
Therefore, the equation for the displacement of 


the mass center of the damper weights may be 
written as 


QO; sin (wt + ¢ + WV) 
VJ [a(w? — p:?)(w? — pr”) — dw]? + (ews — Bw)? 


Z= (117) 


When the values for Q,, a, \, a, and 8, are substituted, 
the equation for Z becomes 


2 yal BE os — EH ey (BEY 
esin (wt +¢4+V) 12 w 3 w ae w 


Tas 
\ lea (wu? — py(w? — pyr) + EY | + 


12 4ml? 


(EI)! © (xn 2) - 7 (1-2) 
RP 4 3 ml 4 (118) 


Equation 118 may be written as 


Z = HMAosin(wi+¢+v) (118a) 


where H,A,) = H, so that Hy is a numerical constant 
determined by the quotient of the 2 radicals in 
equation 118. 

The angular displacement of the damper weight, 
6, may be found by substituting the value of Z from 


equation 118a@ into equation 105. This gives 
Ell ml : 
0 =4o( | Br Tm [sm (et tow) + 


H, EIT mw? 
2 


cos (wt + 6 +) + ; sin «t) (119) 


The forces acting on the damper weights and conse- 
quently on the damper cable may be found from 
equations 76, 77, and 78. From equations 76 and 77 
it follows that 


dy  dZ 
ja = = 
a @ di? ) 


since e = 0. 


(120) 


From the substitution of the values for y and Z 
from equations 88 and 118a, it follows that 


P = mAow*{H, sin (wt + @ + V) — sin wf] (121) 


Figure 6 shows that the maximum value of P will 
be the maximum value of the actual load, P, which 
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may be found ffom the following transformation of 
equation 121: 


P = mAvww?(H, sin wt cos (6 + ¥) + Mi cos wt sin (¢ + ¥) — 
sin wt] 
= mAow?[(H, cos (6 + ¥) — 1) sin wt + M sin (6 + WV) 
cos wt] 
= AjD sin (wt + X) (122) 


where 


D cos X = mw®(H, cos (¢ + ¥) — 1) 
D sin X = mw?H, sin (6 + W) 


From this, 
D = mwt\/ He pie Omcosee ee) 
and 


Hy, sin (¢ + ¥) 
H, cos (¢ + ¥) — 1 


Therefore, 


tan X = 


P= Aenwi\/ He + 1 — 2H, cos (6 + V)-sin (wt + X) (122a) 


The value of P will be maximum when sin (wt + X) 
= 1, from which it follows that 


Pere = Vers => VOT ON See + il = 2H, cos (¢ + Vv) (123) 
From equation 78 it follows that 
Z 9 d%9 
— — = re 
Or = Tl = en Rie (124) 


Substituting the value for @ from equation 119 into 
equation 124, 


a 2Aym Kw? ule miw?\ . (ule ee 
Ell 1o5-) Soe ne 
H,EIY miw2 . : 
cos (wt +¢ +) + re sin wt (125) 


The maximum value of C and consequently of C 
may be found in the same manner as the maximum 
value of P. Equation 125 may be transformed as in 
previous cases to 


— 9A K2 2 
Cra = AE sip Nicasaon) (126) 
EI 
in which 
Hyml*w? 
Wr = (221 - ate =) cos +¥) = 
H,EI¢ J3qy? 
sn +) ana 
Hymbw?\ . 
N = | MEI — sin (6 + ¥) + 
H,EIv 
——— cos (6 + ¥) (128) 
Then 
z SAcn Khe ee 
Cmax = Cmax = — arts / M2 + N2 (129) 


The couple C acting with the maximum force Pmox 
may be found by evaluating wt in terms of the known 
phase angle X at the instant of maximum force. 
At this instant sin (wt + X) = 1, from which it 
follows that at Prox the simplest value for wt is 
ae 


5 X. Substituting this value into equation 125 
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LOAD APPLIED— POUNDS PER WEIGHT 
(DOWN CONSIDERED NEGATIVE; UP, POSITIVE) 
oO 
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DEFLECTION? H 
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‘A 
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Fig. 8. Load-deflection curves obtained in flexural 
rigidity tests on a standard 10 pound Stockbridge 


damper 

Area Vertical Width = Values for loops C to H, inclusive 

4 
Loop = (Pound-Inches) (Pounds) were determined from larger 
i ee OB052. hs cous 1.21 scale plotting 

(max. 1.26) L ? 
ae QAGTE ic 17 oads are those applied at the 
Ea OnOSS5e ee 1.01 nominal center of gravity of each 
: 4 BPR: 0303/2 erent: 0.84 weight. Deflections are those at 
; 2S eee axseacehens ae point of application of load. 
Sees 0.00081 .......0.108 Damper cable was */s inch in 
AL oe OROOOST7oReneer 0.084 diameter(7 0.1214 inch strands) 


the couple acting with the maximum force is found to 
be 


S 2A ym Kw? mw? | . T = 
Cre a OT A ae sin Tees ae 


HAH, EIT 1 = mw . T Ss l 
cos U -X+e+w)+ iB sin ¢ -x)F (130) 


The maximum stresses in the damper cable at the 
center clip may be computed from the bending 
moment produced by the load Prax, the couple 
Cp, and the dead weight of the damper weight, in 
the same way as are stresses at the clamped end 
of a transmission line cable. This moment is 


Me = mgl + Pmaxl — Cp 


where mg is the weight of the damper weight in 
pounds, and the other terms are as previously de- 
fined. 

The stresses in the top or bottom of a 7 strand 
damper cable at the clip may be found from equation 
520. 

The energy dissipated per cycle for each damper 
weight is represented by the area of the hysteresis 
loops shown in figures 6 and 7. 

The total energy dissipated may be taken as the 
area of the hysteresis loop resulting from the force 
alone plus the area of the loop resulting from the 
couple alone. The energy dissipated by P alone is 
found, from the area of the hysteresis loop, to be 
8TEI dZ 


— dZ 
wis dt 


(131) 


3YEI 2a dZ = dZ 
aie 8 
wis fy dt dt 
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38TEI 2n (dZ\2 
= —_ w | —) dt (132) 
0 


wis dt 


Substituting the value of dZ/dt as obtained by 
differentiating equation 118a, 


Bie {2% 
Up = = o= i w?H? cos? (wt + @ + Y)d(wt) 
ws w fo ; 
where H = H,Ay as before. Integrating between 


the limits for one cycle, 


3TH? 
/p = —— 


‘ (133) 


The energy dissipated by the couple C alone is 
found as the area of the corresponding hysteresis 
loop. This area may be expressed as 


= 6EI d& 
Uc = i (C — C) de = fe th ae (134) 
cycle cycle lw dt 
2" SEI db db sEI [27 (de 2 
Ue = w — —.—dt = — — ) d(wé) (135) 
GL ha ai. tai Wt Jo Nal 
After ® is evaluated and substituted into this 


equation, the integration may be performed. From 
figure 7, it is found that 


3Z 


b= 9—-— 
21 


(136) 
Substituting the value of 6 from equation 119 and of 


Z from equation 118a, 


1 mi*w? 


d= Aol, E 


21~—Ss«GEI 


AolhY Pw? 
. cos (wl + + ¥) + Ao sin wt (136a) 


[smote ty) + 


which may be reduced to 


mi?w? 


1 EGGS 
b= ao] a0 (5 = a cos (¢ + ¥) — 5 Sin (Cora Sart 


miw2\ . 
— Sar) +) a 


AMY 
7 cos (¢ + »| cos wt (137) 


This equation may be written as 


@ = A,[Rsin wt + Scos wt] (137a) 
where 
R= E & — ner) cos (¢ + \%) — = sin (¢ + Vv) + a 
(137b) 
1 miw?\ . AW, 
S= E G - a sin (6 + ¥) + 3 °° (@ + » | (137c) 


Equation 137a may be reduced still further to 


© = By sin (wi + X) (138) 

where 

Dike AyW/ Re St (138a) 
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(138b) 


When the value of @ from equation 138 is substi- 
tuted into equation 135 and integrated, it follows 


that 


(139) 


The total energy dissipated is the sum of Up and Uc 
which may be expressed as 


wHI [ 3TH? 
Bee Up + Ue = —~ P + 5p? 


Formulas now have been developed for finding the 
energy dissipated by a Stockbridge damper when 
operated at any frequency and with any center clip 
displacement Ao (half the amplitude). 

Forces acting on the damper weights and the dam- 
per cable may be computed from equations 123 and 
130. From these the stresses in the damper cable 
may be computed by equation 526. Forces acting 
on the conductor cable will be only very slightly 
greater than these values because of the inertia of 
the damper cable and center clip. Therefore it is 
possible to get an indication of whether or not the 


(140) 


16 Fig. 9. Maxi- 
. mum width of 
; loop versus 


iN 


load range for 
hysteresis 
loops shown 

in figure 8 


i=) 


So 
a 


Ss 
eS 


& 
ho 


MAXIMUM WIDTH OF LOOP —— POUNDS PER WEIGHT 


2 3 4 5 6 
LOAD RANGE — POUNDS PER WEIGHT 


forces necessary to operate the damper will be 
sufficient to cause a node point in the conductor 
cable. 

The application of these principles and formulas 
are illustrated in the following section of this paper. 


APPLICATION OF 
DAMPER ANALYSIS TO A SPECIFIC CASE 


The particular damper considered here is a stand- 
ard 10 pound damper, to which the following data 
apply: 

Weights—each 5.0 pounds 
Radius of dyration of weights—2.16 inches 


Cable—*/s inch, preformed extra high strength steel (7 0.1214 
inch strands) 


Effective length—5.95 inches 


Point of attachment of weight to cable assumed to be at center of 
gravity of weight 
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Cyclic load-deflection tests were made on samples 
of the damper cable to determine its flexural rigidity 
and hysteresis characteristics. In these tests stand- 
ard dampers were used. 

The load was applied statically through a pulley 
system in a continuous cycle from the maximum 
downward load to the maximum upward load and 
vice versa. Deflections were measured with inside 
micrometers, the sensitivity of these measurements 
being well within 0.001 inch. Load-deflection dia- 
grams showing the hysteresis loops are given in figure 
8. From these data the maximum width of loop was | 
obtained for various load ranges. Figure 9 shows — 
the maximum width of loop plotted against the load 
range. It may be noted that for small load ranges a 
straight line relationship approximates the ratio of 
maximum width, 2U;, (see figure 6) to the load range, 
2Pm. The ratio U;/Pm or T, assumed constant in 
the foregoing analysis, is found from the curve to be 
approximately 0.32. 

In order to determine a value of 65 (see figure 7) 
special tests were made. In these tests the load was 
applied to the damper weight at various distances 
from the point where the damper cable is fixed to the 
weight, thereby giving the equivalent of a force and 
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Fig. 10. Load-deflection curves obtained in flexural 
rigidity tests on a standard 10 pound Stockbridge 
damper 


Area Loads are those applied to each weight. For 


(tase ees loop D the load was applied at the nominal 
aa 2) ee 01700 +«center of gravity of the weights; for loop E, 
Biv pes ate 0.1564 one inch farther out from the clip; for loops 
& ae Raat eae C, B, and A, the loads were applied 1, 2, and 
pais se 010990. ~«3._ inches, respectively, nearer the clip. De- 


flections are at point of application of load 


a couple acting at the damper weight. The deflec- 
tions were measured on the damper weight at 2 
points (2°/, inches and 5°/, inches from the center 
clip for the standard 10 pound damper), thereby 
giving the angular rotation of the end of the damper 
cable as well as the deflection of the fixed point. 
From these measurements, the values of Z,, and DB», 
were found. Then the value of 6 was obtained from 
equation 140 using a value of total energy obtained 
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from the hysteresis loops of figure 10. In this way 
6 was found to be approximately 0.32. 

In the design of the standard 10 pound damper it 
was assumed that the fixed point of the cable at the 
damper weight was at a point !/; of the way in from 
the protruding end of the tapered sleeve that grips 
the damper cable. From the foregoing tests it was 
found by comparison that the effective length deter- 
mined on this basis did not give consistent values 
between the deflection and rotation of the damper 


energy dissipated is proportional to the square of 
the amplitude of oscillation of the weights. 

An average load-deflection ratio for any cycle 
may be obtained as the slope of the straight line 
joining the tips of the hysteresis loop. ‘This has 
been done for several loops and the resulting slopes 
plotted against amplitude of deflection in figure 12. 
The corresponding EI values may be found by 
considering the load on a cantilever beam of length 
l. This has been done and the corresponding EJ 
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Fig. 11. Area of hysteresis loop 

versus amplitude or range of oscil- 

lation of load points for steel cable 
of Stockbridge damper 


Amplitudes (or deflections) were meas- 
ured at the fixed points in the weights. 
In the test data, the loads considered are 
those applied to each weight; they 
were applied at the nominal center of 
gravity of the weights. Damper cable 
wes 3/s inch in diameter (7 0.1214 
inch strands) 


Fig. 12. 


weights. 


weight. A subsequent study was made to determine 
at which point the damper cable could be considered 
as fixed. It was found that the most consistent 
results were obtained when the fixed point was chosen 
as ?/; of the way in from the end of the tapered sleeve 
to the point of exodus from the weight. The point 
of fixity at the center clip originally was assumed as 
at the back of the protruding fillet next to the main 
body of the damper clip. This study showed that 
3/5; of the way in from the outer edge of the taper 
gave more consistent values. The resulting net 
length of the damper cable then is 5.95 inches as 
indicated. 

This gives rise to a slight eccentricity between the 
fixed point at the damper weight and the mass center 
of the weight. Correction was made for this eccen- 
tricity in the load-deflection curves, but because of 
the tolerance in manufacturing it was not considered 
necessary to include this eccentricity in the analysis 
of the behavior of the damper in service. 

Figure 11 shows the area of loop plotted against 
amplitude or range of oscillation of load points. It 
may be noted that a parabola fits the actual points 
very closely for amplitudes less than 0.05 inch. This 
fact confirms the findings of the analysis that the 
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Mean ratio of load to deflec- 
tion versus amplitude for hysteresis 
loops for damper cable 


Loads were applied at the nominal center of 
gravity of the weights. 
tudes) are those at the fixed points in the 

Damper cable was */sinch in diame- 
ter(7 0.1214 inch strands) 


curve showing results of efficiency 
tests on Stockbridge damper 
The frequencies noted are those actually 


observed during the test. The amplitude 


Deflections (or ampli- usedin 3s O-0b}inch 


values plotted in figure 12. The necessary correc- 
tion for the slight eccentricity of the loading points 
was accounted for in the computations. 

It may be seen that when the amplitude is very 
small, as it usually is in the field, the flexural rigidity 
of the cable is vonsiderably greater than for larger 
amplitudes. In view of the fact that the amplitudes 
in the field are generally very small (less than 0.05 
inch), an EJ value of 3,500 pound-inches? correspond- 
ing to an amplitude of 0.05 inch has been chosen. 
This value was found to give consistent values for 6 
from curves shown in figure 10. For the experimental 
determination of the natural frequencies, however, 
an amplitude (2Ao) of the center clip of 0.05 inch 
was used which, at the critical speeds, produced 
displacements of the weights relative to the center 
clips as great as 0.30 inch. For such large ampli- 
tudes the value of EJ is found to be less than half as 
large as for very small amplitudes. The value of EI 
corresponding to the testing conditions was chosen 
as 2,150 pound-inches?. 

From equations 92 and 93 the natural frequencies 
may be computed. For the damper under considera- 
tion these values are as follows: 


For small amplitudes (24, < 0.05 inch), EJ = 3,500 pound-inches?: 
pi 53.9 radians per second = 515 cylces per minute 
a) 226 radians per second = 2,160 cycles per minute 


IM 
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For large amplitudes (2A» > 0.30 inch), EJ = 2,150 pound-inches?: 
pi = 42.4 radians per second = 405 cycles per minute 
pe 178 radians per second = 1,700 cycles per minute 


Experimentally p, was found to be between 400 and 
450 cycles per minute and p2 was found to be between 
1,400 and 1,500 cycles per minute. 

The experimental determination of the natural 
frequencies consisted of attaching the center clip of 
a damper eccentrically to the shaft of a flywheel and 
accelerating the flywheel to approximately 2,800 
rpm and then disconnecting the driving mechanism 
and permitting the flywheel to decelerate gradually 
until it stopped. The speeds at various time inter- 
vals were measured with a tachometer. The speeds 
at which the weights showed the greatest disturbance 
were taken as the observed natural frequencies. A 
typical speed-time curve is shown in figure 13. 

The deceleration at the higher natural frequency 
was generally quite great so that the critical speed 
would appear to be lowered appreciably. The phe- 
nomenon of vibration during acceleration or decelera- 
tion through a critical speed has been analyzed quite 
fully for vibration of one degree of freedom by F. M. 
Lewis.!° He shows that if the speed is decreasing 
the observed critical speed will be lower than that 
for constant speed. Thus the observed upper critical 
speed, po, during deceleration may be appreciably 
lower than that observed during constant speed. 
This fact is borne out by a comparison of the meas- 
ured and computed values of the higher critical 
speeds. 

The deceleration at the lower natural frequency 
was very much less than at the higher speed, so the 
displacement of the natural frequency would be 
expected to be correspondingly less. This is borne 
out also by a comparison between measured and 
computed values. The measured and computed 
lower natural frequencies show good agreement. 

From equation 118 the maximum linear displace- 
ment of the center of gravity of the damper weight 
relative to the center clip may be computed. This 
has been done for more than 20 different speeds of 
operation and the results shown in curve I of figure 
14. The abscissas are the ratios of the operated 
speed, w, to the lower natural frequency, p;. The 
ordinates are the coefficients H, where Zn = 
HM,Ay. This maximum value of Z will not always 
occur at the extreme position of the center clip and, 
in fact, at high speeds it occurs directly opposite the 
displacement, Ao, of the center clip. The relative 
positions may be indicated by the cosine of the 
phase angle which angle is the sum of the 2 angles 
¢ and W given by equations 107c and 114, respec- 
tively. The actual position of the center clip at the 
istaat of maximum throw of the weights is given 
My 


yi = Aocos (¢ + V) 


Curve II of figure 14 shows the value of cos (¢ + W) 
for different speeds. ; 

Since y and Z were positive in opposite directions, 
the absolute displacement of the damper weight at 
the instant of maximum Z will be given by the 
difference (Z,, — 1). This value is shown as curve 
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III in figure 14. This does not necessarily mean that 
when curve III crosses the zero axis the weight does 
not move. If the cosine of the phase angle, however, 
were positive unity at the same time, it would mean 
that the center of gravity of the damper weight was 
practically at rest. At the points where w/p; = 2 
and w/p, = 8, these conditions nearly are fulfilled. 

Curve IV of figure 14 shows the angular displace- 
ment of the damper weight relative to the position 
it would take if no couple were acting on it. It may 
be noticed that for slow speeds this displacement is 
practically zero. In other words, the inertia of the 
weight does not resist angular changes to any marked 


degree until the frequency of vibration approaches — 


the higher natural frequency. 
also that at very high frequencies curve IV ap- 
proaches the value of 32/2] which is the value of 
®, for a fixed weight. This characteristic, that is, 
the weights remaining nearly stationary at high 
frequencies, has been observed in actual tests on 
dampers. 

Curve V of figure 14 and curve III of figure 15 
are identical; they show the relation between the 
relative displacements and energy dissipated, and 
between the forces acting on the damper cable and 
the energy dissipated. It may be noted that the 
energy dissipated per cycle is much greater at fre- 
quencies near the higher natural frequency than at 
frequencies near the lower natural frequency. This 


It may be noticed ' 


f 


fact will be seen to have particular importance later. 


Curve I of figure 15 shows the force acting on the 
damper cable. The variable force then acting on 
the conductor cable will have a maximum of twice 
the force shown in curve I, there being 2 weights to a 
damper. 

Curve II of figure 15 shows the couple acting on 
the damper cable at the weight. Both the value for 
Pmax and the value for Cinex approach the values 
for a fixed damper weight which again checks with 
experiment. 

As naturally would be expected, the energy curve 
(IIL) of figure 15 follows the curve of maximum 
forces. The energy per cycle dissipated by both 
weights of the damper is 


U, = 2FA? (142) 


where Ay is the throw of the damper weight, that is, 
half the amplitude, in inches. 

The energy per cycle imparted to a cable by the 
wind may be evaluated in terms of the cable diam- 
eter, loop length, amplitude, and wind velocity from 
equation 73. The energy input for a span vibrating 
in 2 loops would be times the energy per loop or 


Un = 0.000022V2DAnL’ 
and since 


nL’ = totalspan = 


(Op = 


Ls’, 


0.000022 V2DAL,’ (143) 


If an efficient damper be placed on a line, the 
amplitude of vibration will be quite small and there- 
fore the energy dissipated by the cable will be ex- 
tremely small. Assuming that the energy dissipated 
by the cable is negligible, it follows that the energy 
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nput from the wind must equal the energy dissipated 
yy the damper or dampers on the line. 


Equating the energy dissipated by the dampers 
o the energy input on a span of L,’, 
JA? 


2 
12 


= 0.000022 V2DAL,’ (144) 
where N is the number of dampers on the span. 
[he factor 12 changes the inch pounds of energy 
lissipated to foot pounds. Now, assuming that the 
lamper moves with the cable and that it is located 
aear the center of the loop, it follows that A = 
2Ay. When this value is substituted into equation 
144, it follows that 


_ 9.000264V?DL." 


4 
4 NJ 


(145) 
If a damper be appreciably off center of a loop, the 
node points will tend to shift so as to bring the 
center of the loop near the damper. 

The value of J depends upon the frequency, and 
the frequency upon the wind velocity and cable 
diameter. The frequency of vibration expected for 
any given cable size and wind velocity is given in 
equation 1. 

Take for example 2 standard 10 pound dampers, 
as previously described, on a transmission line 
having a 1,000 foot span and 397,500-circular mil 
steel-reinforced aluminum conductors. The diameter 
of the conductor is 0.81 inch. Sample computations 
for 3 wind velocities are given to illustrate the 
application of these formulas. 

For wind velocity of 5 miles per hour 


OND Sons i 5 
> ik oe cycles per secon 
= 1,206 cycles per minute 
1,206 
The relative frequency as f = —— = 2.34 
dD pl 515 


From curve V of figure 14, the value of J for w/p, 
= 2.34 is found to be 80. The value of Ao from 
equation 145 then is 


_ 0.000264 X 25 X 0.81 X_ 1,000 


A 
4 2X 80 


= 0.0334 inch 


For a wind velocity of 7 miles per hour, 


= 28.2 cycles per second (1,690 cycles per minute) 


— = 3.28 
Di 
ye — 320 
4 1,000 , 
 . 0.000264 X 49 X 0.81 X ol Giaeen 


2 X 320 
For a wind velocity of 12 miles per hour, 


f = 48.3 cycles per second (2,900 cycles per minute) 


ce — 0.64 
Di 
Ta SO0 
_ 0.000264 X 144 X 0.81 X 1,000 


= 0.0181 inch 


0 


2 X 850 
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Curve I in figure 16, based upon an assumed 
constant HJ value and full movement of the damper, 
shows the general relation between wind velocity 
and amplitude for a 1,000 foot span of 397,500- 
circular mil steel-reinforced aluminum cable damped 
with one standard 10 pound Stockbridge damper 
at each end of the span. It may be noted that the 
amplitude of vibration at a wind velocity of about 
5 miles per hour is about 0.067 inch. This ampli- 
tude, however, is large enough that the effective EI 
value of the damper cable will be reduced slightly. 
This reduction in EJ value will reduce the critical 
speeds of the damper with the result that the relative 
speed w/p, will be greater. Corresponding to the 
greater relative speed, the value of J will be greater 
so that the actual amplitude will be slightly less. 
Using figure 12 as a guide for the reduction in EJ 
value for various amplitudes, an estimation of the 
final amplitudes was made. These amplitudes are 
indicated by curve II of figure 16. 

The significant fact that may be gleaned from these 
curves is that if the second peak of the energy dissi- 
pation curve (curve V of figure 14) is relatively wide 
compared with the trough between peaks, the damper 
will be very efficient over a wide range, whereas if 
the second peak is relatively narrow the damper 
will not be etficient over as wide a range of fre- 
quencies. Thus in the design of dampers, particu- 
lar attention may be paid to proportioning the 
parts to obtain greater efficiency. From the curves 
of several types of designs, the effects of different 
proportions may be seen. Experimental data on the 
damping characteristics of different types and sizes 
of damper cables may be obtained by the same pro- 
cedure used to obtain the data given herein. 

From the energy curves for the damper considered, 
it may be concluded that if this damper were placed 
on a smaller cable so that the frequencies set up by 
the wind would be greater, the resulting efficiency 
would be greater. The limitation to this argument is 
that the forces exerted by the cable must be sufficient 
to operate the damper or a partial node point will be 
formed. If the maximum forces exerted by the 
damper for a given amplitude exceed the maxi- 
mum force exerted by the cable, the damper will 
not be operated through as large an amplitude as the 
loops in the central portion of the span. Since the 
force necessary to operate that damper is directly 
proportional to the amplitude, the probable ampli- 
tude of the center clip of the damper may be approxi- 
mated by the formula: 


F,A 
F; aP Fa 
where 


2A = 


(146) 


Ao = half the amplitude of the center clip as previously defined, in 
inches 

A = amplitude of vibration of a normal loop of the cable, in 
inches 

F, = maximum force exerted by such a loop of the cable, in pounds 

Fg = maximum force exerted by damper (2 weights) operated at 
amplitude 2Ao, in pounds 


Thus if the force exerted by a single loop of the 
cable, F., be quite large with respect to that exerted 
by the damper, Fz, the relationships formerly con- 
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sidered will be valid, whereas if Fy be of the same 
order of magnitude as / a correction should be 
applied. This correction consists of using the value 
of Ay from equation 146 in equation 144. ; 

Before the resulting equation can be solved it 
will be necessary, of course, to evaluate forces F, 
and F;. The maximum force exerted by the cable 
may be taken as the sum of the products of each 


element of mass times its maximum acceleration.’ 


The maximum acceleration of any point within a 
loop may be found by differentiating equation 3 
twice with respect to time and setting sinwi = 1. 
This gives the maximum acceleration of each point as 
= (147) 


= ain) 
Qmax = Aw? sin L 


The maximum force, dF, on each element then would 
be 


W . xx 
dF = Gmax dm = Aw? — sin — dx, 
g 


l 


where 

dm = mass of an elemental length of cable, Wdx/g 

W = weight of cable per unit of length, pounds per inch 
w = frequency of vibration, radians per second 


and the other terms as previously defined. 
The total force exerted by a single loop will be 


a 
Fe = ff Aw — sin — dx (148) 
0 g l 
which by integration gives 
W 
Fo = 2Aw? — we (149) 
Se eT, 


The value of w in equation 149 is taken as radians 
per second, but the formula may be changed to give 
the force in terms of the frequency in cycles per 
second. This gives 
ay sear (1494) 
The frequency for a particular cable may be found 
from equation 1. 

Applying this formula to 397,500-circular mil steel- 
reinforced aluminum cable under a tension of 5,000 
pounds, the following values are obtained. 

For a wind velocity of 5 miles per hour, the fre- 
quency is 20.1 cycles per second and the loop length 
(obtained from equation 2 or from nomographic 
charts®) is about 150 inches, from which 

_ 8xA X 20.1? X 0.052 X 150 


F; = 
386.4 


205 A pounds 


By referring to curve I of figure 15, it may be 
noticed that for this speed (that is, w/p, = 2.34) 
the maximum damper force is very much less than 
that possible from the cable. In other words, 
the cable will carry the damper with it. 

For a wind velocity of 12 miles per hour, the fre- 


quency is 48.3 cycles per second and the loop length 
about 63 inches, from which 


8rA X 48.3? X 0.052 X 63 


io = 386.4 = 496 A pounds 
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Again referring to figure 15 it may be noticed that 
for this speed (that is, w/p, = 5.64) the maximum 
damper force is about 775 Ao. 

Referring to equation 146 it may be seen that 


ee ss 496 A? 
wo AOG Aner Ta Als 
from which 
Ay = 0.83.4 


Using this value of Ao in equation 144, it is found 
that 
2 X (0.33)2NJA? 
12 


= 0.000022V?DAL,’ 


from which 


4 = 91000264 X 144 X 0.81 X 1,000 _ 6 095 5 oh 
2 X 850 X 0.218 


From this, 


Ay = 0.027 inch, and the amplitude 249 = 0.054 inch 


The values of amplitude in the end loop computed 
in this way are shown by curve III in figure 16. 
The fact that the amplitude of the cable at the 
damper is less than that out in the span gives rise 
to the condition of a partial node being formed at the 
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damper. Expressed in other words, the actual 
nodes as observed in the cable would move toward 
the damper, making the loop length at the damper 
shorter than those out in the span. If heavier 
damper weights be used so that greater forces are 
required for their operation, the nodes will approach 
the damper until for very heavy weights a single 
node point is formed at the damper and a point of 
reflection is established. 

_If the wind velocity increases, and at the same 
time there are no gusts, the frequency of vibration 
increases and the loop length correspondingly de- 
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eases. As the loop length shortens, the conductor 
able itself will begin to dissipate an appreciable 
umount of energy at relatively small amplitudes. 
Load-deflection tests on large cables indicate that 
when the deflection is about 1/10) the span length 
or greater at nominal service tensions, an appreciable 
tysteresis loop is obtained in the load-deflection 
curves. This leads then to the conclusion that when 
he amplitude exceeds 1/; 999 the loop length, the cable 
tself tends to damp the vibration. Curve IV in 
igure 16 illustrates the effect of the cable thus cutting 
nm on the damping action at the higher wind ve- 
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locities. This curve represents the expected ampli- 


tudes of vibration of a 397,500-circular mil steel- 
reinforced aluminum conductor strung at a tension 
of about 5,000 pounds at 60 degrees fahrenheit and 
having 2 standard 10 pound dampers on a 1000 foot 
span. 

- or lighter cables where the frequencies of vibra- 
tion set up by normal winds are very high (say over 
5,000 cyles per minute) the standard 10 pound 
damper no longer will be the most efficient one that 
ean be used, even though it may serve very satis- 
factorily for the lower wind velocities. A lighter 
damper having higher natural frequencies will serve 
better for the higher wind velocities. If occasional 
low-velocity steady winds occur, it may be desirable 
to design a special damper having low natural fre- 
quencies to meet the particular conditions en- 
countered. In some rare cases it may be advisable 
to provide against possible very low frequency 
vibration or against very high frequency vibration 
as well as to cover the usual range of normal fre- 
quencies. This can be done by means of a co- 
ordinated system of dampers comprising the usual 
standard dampers plus auxiliary dampers having 
either very low or very high natural frequencies, as 
may be required. Low frequency auxiliary dampers 
should be attached farther from the support than 
the standard dampers with which they are used. 


JUNE 1936 


Curve |—Computed 
residual vibration as- 
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amper is carried 
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EI with amplitude 
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Fig. 16. Variation of amplitude 
of damped vibration in end loop 

with wind velocity 
amping in conduc- 1,000 foot span of 397,500-circular 
tor cable with high mil steel-reinforced aluminum cable with 
velocity wind Q standard 10 pound Stockbridge 
dampers 


High frequency auxiliary dampers, however, should 
be attached nearer the support than the standard 
dampers. 

Knowing the hysteresis characteristics of the 
damper cables, the effects of different sizes and shapes 
of damper weights on the efficiency of a damper on 
a given size conductor may be determined theo- 
retically. By considering several modifications in 
design, the most efficient type may be chosen on the 
basis of fundamental short-time tests and the 
theoretical analysis. 


STRESSES IN DAMPER CABLES 


The stresses occurring in the damper cables may 
be found by applying equation 52 as soon as the 
bending moment is found. The bending moment at 
the damper weight will be given directly by the value 
for C, the maximum value of which is shown in curve 
II of figure 15. For a wind velocity of 12 miles per 
hour, the stresses in the damper cable may be com- 
puted as follows: 

The couple acting on the damper cable at the 
damper weight is indicated by curve II in figure 15. 
For a wind velocity of 12 miles per hour (w/p, = 
5.64), the value of Crox is 1,860 inch-pounds for 
Ao = 1 inch (amplitude = 2 inches). From figure 
16 the final amplitude is found to be about 0.05 
inch (Ay = 0.025 inch). This gives a maximum 
couple of 34 inch-pounds at the damper weight. 
The maximum stress then is found from equation 
52 to be 


Ee 34 X 0.0607 X 29,000,000 


== 11g, PANO) i 
3,500 00 pounds per square inch 


A value for significant stress at the center clip may be 
found by finding the couple, C,, existing at the 
instant of maximum direct force, Prox. Actual 


computations show that this value of C, is prac- 
tically eqtal.to Car. 

From figure 15 it is found that for a value of 
w/p, = 5.64, 


Pmax = 390! pounds for Ay = iin, 
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For an amplitude of 0.05 inch (Ay = 0.025 inch) 
this amounts to a force of 9.8 pounds, and for w/p; 
—— wee 

= 5.64, 

Cmax = 1,360 inch-pounds for Ao = 1 inch 

which gives 

Cmax = 34 inch-pounds 

The maximum moment at the clip then is 

M, = (9.8 X 5.95) — 34 = 24.2 inch-pounds 


without the dead weight which for the upward 
stroke would be added, and for the downward stroke 


subtacted 
The dynamic moment then is 


M, = 24.2 4+ (5 X 5.95) = 54.0 inch-pounds 


and the maximum stress, according to equation 52, 
is 
54.0 X 0.0607 X 29,000,000 


= = 27,200 pounds per square inch 
3,500 


For a preformed extra-high-strength steel cable these 
stresses are safe and represent a good factor of 
safety. 

A study of figures 15 and 16 in the light of the 
foregoing computations shows that at higher fre- 
quencies or higher wind velocities the stresses in the 
damper cable will not be greatly different than for 
the case considered, and at lower frequencies or 
lower wind velocities stresses will be appreciably 
less. The indication is that the damper should give 
long service under normal operating conditions. 
Similar studies of other sizes of dampers are in 
progress, and the results found are being correlated 
with test results and actual observations on dampers 
in service. 

Comparative results of computations for different 
dampers indicate their probable relative life as well 
as their relative efficiency, and also indicate which 
factors may be changed to increase the life of dampers 
without materially decreasing their efficiency or to 
increase their efficiency without reducing their life. 
The analysis also makes possible the design of 
dampers to meet any given conditions encountered 
in service. Final verification of the validity of 
conclusions reached in this way has been obtained 


during the past few years for several standard 
dampers. 
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A Faster Carrier 
Pilot Relay System 


Carrier pilot relaying has been regarded by 
many as the nearest approach to a perfect 
protective relay system; however, it has not 
been adopted generally because of its 
high cost. With the intention of making 
still further improvements and reducing 
the cost of carrier pilot systems, a careful 
investigation has been made. The results 
of the investigation are presented in this 
paper, and a new carrier pilot system, 
designed in accordance with these findings, 


is described. 


By 
O. C. TRAWER 


MEMBER A.1.E.E. 


E. H. BANCKER 
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General Electric Co.,: 
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D. RING the last 3 years carrier pilot 
relaying has passed from the experirnental stage to 
become an accepted tool in the protective practice of 
the central station industry. The experience of many 
users of pilot relaying has demonstrated conclusively 
its reliability and its ability to provide the best availa- 
ble relay protection for transmission circuits. Sev- 
eral technical papers attest that it gives fast, and se- 
lective clearing of short circuits obtainable in no other 
way with equal assurance that undesirable tripping 
will not be caused from load swings or external fa ults. 

Although pilot protection has received general ac- 
ceptance as the nearest approach to an ideal relay 
system, its widespread adoption has been impecled 
greatly by its cost. To many engineers this form of 
protection therefore has seemed to be a last resort; 
considered only when nothing else would suffice. 

In order to make carrier pilot relaying more gen- 
erally useful, the subject has been given a careful 
survey to determine the extent to which it might be 
improved further, and whether the cost might be 
lowered sufficiently to make carrier protection well 
worth the extra cost over other forms of relaying. 
If this could be accomplished, the transmission cir- 
cuits of the United States could be given far better re- 
lay protection than they have now, with such con- 
sequent improvement in service that the cost soon 
would be repaid. 


A paper recommended for publication by the A.I.E.E. committee on protective 
devices, and scheduled for discussion at the A.I.E.E. summer convention, 
Pasadena, Calif., June 22-26, 1936. Manuscript submitted April 10, 1936; 
released for publication May 1, 1936. 
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OBJECTIVES 


Until a new method of accomplishing something 
has demonstrated conclusively its practicality and has 
received recognition, it seems logical to construct it 


of the best available elements, connected in the best 


arrangement known. As time passes and its perform- 
ance is shown to be satisfactory, a stage is reached 
at which it seems advisable to design devices es- 
pecially adapted to the requirements of the method, 
and to make the changes that evolution inevitably 
will produce in any progressive art. A review of the 
status of the art showed that the fundamental fea- 
tures of the earlier systems of carrier relaying should 
be retained, and that simplification of the devices 
and connections was possible without sacrificing 
those desirable features. One important aim, 
therefore, was to simplify, and reduce the cost of, 
each terminal. 

Speed is another respect in which improvement 
was found possible. The operating time of carrier 
telaying had been reduced from 10 cycles to 2 or 3 
cycles; still it was not quite equal in speed to the 
fastest high speed relays of other types working under 
favorable conditions. Hence, a decrease in tripping 
time was sought. 

In all carrier relaying systems, the carrier portion 
of the equipment actually is needed only for the 
brief period during which a short circuit exists ex- 
ternal to the line, and it has been suggested that it 
might be employed for other purposes during the time 
of normal line conditions. If this proved to be 
practical, the cost could be distributed over the 2 
services and thus make each a more economical 
investment. 


ANALYSIS OF DESIRABLE FEATURES 


In order to utilize carrier transmission only over 
assuredly sound circuits, all carrier relaying systems 
in the United States use the carrier as a blocking 
medium to prevent relay tripping during external 
faults. Although the carrier always has been used 
to block tripping during faults, there were 2 methods 
of operation during normal conditions, that is, while 
no faults existed. In one method the carrier equip- 
ment was idle until an external short circuit occurred, 


whereupon the relays turned on the carrier at the 


line terminal nearest the fault to block its own and 
the remote end. In the other method the carrier 
equipment was in continuous operation, always 
maintaining the block except when fault current 
flowed into the line at allterminals. A combination 
of these has been described, in which the carrier 
is not normally on the line, but the blocking relays 
are held in the blocking position at all times except 
during internal faults. Each of these methods has 
some good characteristics, but none excels in all 
respects. 

With carrier used only as a blocking means to pre- 
vent tripping during external faults, the conductor is 
a perfect medium for a carrier channel because the 
fact that it is carrying short circuit current proves its 
continuity. The only apparatus requiring main- 
tenance, therefore, will be in the station yard, where 
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all equipment is readily accessible. This valuable 
principle, assuring a sound channel] for blocking, 
certainly should be retained. 

Another characteristic common to the different 
systems of carrier pilot relaying is the use of direc- 
tional relays to determine the fault location by a 
comparison of the power direction at the ends of each 
line. It is highly desirable to retain the advantages 
incidental to the use of such simple and familiar 
devices. 

In all systems of carrier relaying now on the mar- 
ket the carrier equipment performs a simple tele- 
graphic function. In any revision of the relay scheme 
this desirable simplicity should be kept prominent. 

In the intermittent carrier system the blocking 
action was initiated by the outward flow of short 
circuit current; therefore, this arrangement had the 
advantage of permitting the clearing of an internal 
fault, even though it was fed from only one end of 
the line, no source of power being available at the 
other end. This means that the relays were free to 
trip a faulted line at any time, unless there was 
positive indication of an external fault. The in- 
frequent use of the carrier equipment prolonged the 
life of the tubes and made it possible to employ the 
carrier for other purposes when it was not required 
for relaying. 

Prevention of tripping during periods of instability 
was accomplished readily, because loss of synchronism 
is identified with a sequence of apparent fault loca- 
tions that never occur under other circumstances, 
and are therefore distinguishable from all other fault 
conditions. 

The continuous carrier and normally blocked inter- 
mittent carrier systems possessed an advantage in 
speed, because the normally blocked condition of the 
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Fig. 1. Diagram of relay control circuits at one 
terminal of a line 


Contacts are shown in normal positions 
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carrier receiver relay made unnecessary any inten- 
tional delay in the tripping relays to allow time for 
the block to be established during external faults. 


DESIRED CHARACTERISTICS 


The characteristics that should be adopted from 
the older methods in any new one are: 


1. Use of directional comparison. 
2 Use of carrier to block tripping during external faults. 


3. Freedom of relays to trip on any fault, unless receiving positive 
indication of an external fault. 


4 High speed. 
5. Use of a simple telegraph carrier channel. 


6. Use of carrier only at times of fault. 


and optionally, 


7, Ability to block tripping during power swings or loss of syn- 
chronism. 


Further improvements that are believed desirable 
for incorporation in a new method are: 
Simplified unit construction of the relay equipment. 
Higher speed. 


Optional groups of relay units for differing service conditions. 


be So See 


. Accessories for making possible the joint use of the carrier 
channel. 


DESCRIPTION OF THE NEw ARRANGEMENT 


Starting with these premises and the experience 
gained from the construction and operation of the 
many carrier relay installations now in use, a new 
and fast method embodying the foregoing character- 
istics has been devised. Like the earlier types, it is 
a blocking system in which directional relays permit 
a blocking signal to be transmitted from the end of a 
line nearest an external fault to its own receiver and 
to those at the ends remote from the fault. The 
carrier signal is transmitted only during faults out- 
side of the line, except for momentary ‘“‘flicks’”’ which 
will be referred to later. Notwithstanding, the 


receiver unit is held locally in a normally blocked 
position. As explained later, the use of grid control 
in the transmitter solves the problem of contact 
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Fig. 2. Time characteristics of phase fault detectors 


A—Fault impedance zero 
B—Fault impedance 4 ohms 
Pickup setting, both curves: 10 amperes, 100 volts; 


2 amperes 
zero volts. ie Z 


Rated voltage and no load before fault 
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racing at either the beginning or end of a fault in some: 
other line, or when an instantaneous reversal results: 
from the opening of a circuit breaker in a parallel! 
circuit. Hence, tripping may occur whenever ani 
internal short circuit occurs, regardless of the pre-- 
vious condition of the system and the positions of the: 
relay contacts just prior to the short circuit. 
Figure 1 is a diagram of the relay control circuits 
at one terminal of a line. From this figure it may be: 
seen that the relay equipment consists essentially of:: 


Fault detectors A with one circuit closing contact and 2 circuit t 
opening contacts, to act as starting units. 


Fault detectors B with one circuit opening contact and one circuit t 


closing contact, for trip circuit control. { 
A combined polyphase and ground current directional unit having } 
one circuit closing and one circuit opening contact. 


A receiver unit having contacts that are open when the unit is; 
energized. 


A series seal-in unit. 
A receiver test unit. 
Targets. 


Out-of-step auxiliaries. 
ACTION DURING FAULTS 


To make certain of correct blocking under circum- 
stances that cause the current to rise slowly above : 
the fault detector setting, 2 sets of fault detectors are 
used, and the several contact functions are divided | 
between them as indicated by the letters A and B. 
The units labeled A are set for a sensitivity somewhat 
greater than those marked B at the opposite end of 
the line. One set of circuit opening contacts on the A 
fault detectors applies a negative bias to the trans- 
mitter grid that renders it inoperative normally. 
Whenever a fault or other similar condition occurs 
in the vicinity of the protected section, either in- 
side or outside of it, one or more of the fault detectors 
opens the bias circuit and starts the transmitter 
within a fraction of a cycle. 

Circuit opening contacts on the B fault detectors 
control a local circuit to coil B of the receiver unit 
which is normally completed to hold its contacts 
open. Thus at the instant the fault detectors operate 
they transfer the holding action from the local hold- 
ing circuit, to a carrier holding action by means of 
the local transmitter and receiver; therefore the 
contacts of the receiver unit remain open. If the 
occasion for the foregoing operation of the fault 
detectors is an external fault, no further action takes 
place at the line terminal where the power flows 
out of the line; therefore, carrier transmission con- 
tinues to hold open all receiver units of the protected 
section until the fault terminates and the detectors 
reset themselves. 

At a line terminal where power flows into the line, 
the same procedure is followed with the additional 
closing of the directional unit contact which re- 
applies the negative grid bias and stops carrier trans- 
mission at that end. Carrier received from the other 
end, however, prevents the completion of the trip 
circuit. 

For internal faults the carrier first is turned on by 
the detectors at any end where there is fault current; 
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Fig. 3. Time characteristics of polyphase directional 
unit 


'A—3 phase fault, 0.25 ohm reactance 

B—3 phase fault, 1.75 ohms reactance 

C—Phase-to-phase fault, voltages O-100 and 100 volts 

Shaded area shows range of maximum and minimum time values 
expected 


then it is turned off promptly by the directional units. 


‘As soon as reception of carrier ceases, the receiver 


units drop out and close the trip circuit. To prevent 
any false tripping, in case the local holding circuit 
is open, the circuit closing contacts of the B detectors 
are included also in the trip circuit. The tripping 
time is, therefore, the sum of the closing time of the 
directional unit and the drop-out time of the receiver 
unit. 

It is evident that any terminal feeding fault current 
into a line may be cleared, even though some other 
terminal supplies no current because the fault de- 
tectors will not turn on the carrier transmitter. This 
point is important in connection with lines that may 
have synchronous apparatus at only one end at times 
and in connection with lines having more than 2 
ends. 

In the foregoing description it was assumed that 
the bias circuit contacts of the directional units 
were both open at the start. This is a condition that 
is realized by including a voltage restraint torque 
in these units. The sensitivity to fault conditions is 
increased by removing the restraint with the third 
set of circuit opening contacts on the fault detectors; 
however, it makes no real difference whether the di- 
rectional units are open or closed, because one opens 
more rapidly than the other closes. Thus, there is 
no time subsequent to the start of an external fault, 
when one end or the other is not transmitting carrier 
and hence continuing the block at both ends. 

Similarly, a familiar condition that has upset many 
good relay schemes is rendered harmless, namely, 
the sudden reversal occasioned by the opening of an 
end of 1 of 2 parallel lines. Under this condition, 
carrier is sent first in one direction and then must be 
sent in the other direction without any cessation, to 
avoid tripping the unfaulted line. Since an opening 
contact on one directional unit starts carrier at its 
end while a closing contact stops it at the other, there 
is actually a brief time during which both ends are 
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transmitting and thus preventing undesirable 


tripping. 

When 2 faults occur simultaneously in different 
line sections, both affect the directional units. The 
more widely separated terminals always act properly, 
as though the line were one big section, but the other 
2 intervening terminals may be subjected to a variety 
of conditions wherein each of these internal faults 
is, to some degree, external to the other section, 
and the directional tripping torque therefore is coun- 
teracted to some extent. Proper functioning is 
assured, however, in one or the other of the following 
ways. 

If there is little or no synchronous apparatus to 
feed both lines from a bus between the 2 faults, one 
of these torques will predominate; accordingly, 1 
of the 2 intervening directional units will indicate an 
internal fault and the other will indicate an external 
fault. The first will clear its line without delay, 
and the second will follow immediately. 

If, on the contrary, there is sufficient synchronous 
apparatus connected between the fault locations, 
it will add to the tripping torque of the directional 
units at both intervening terminals; consequently, 
the 2 defective line sections will be cleared simul- 
taneously aid almost instantaneously. 


ACTION DURING OTHER ABNORMAL CONDITIONS 


The foregoing description applies to any type of 
short circuit that may occur. In addition to faults 
there are other abnormal conditions that affect the 
relays in much the same way asa fault. For example, 
loss of synchronism first has the appearance of an ex- 
ternal 3 phase fault condition of increasing severity. 
As phase opposition of the synchronous apparatus 
at the ends of the line is approached, the indication 
changes to a 3 phase internal fault of brief duration, 
then it appears to be external in the opposite direc- 
tion, with diminishing severity. This cycle is re- 
peated for each slip cycle of the synchronous appara- 
tus at the 2 ends of the circuit. Very severe power os- 
cillations not accompanied by loss of synchronism 
follow a similar cycle, except that the apparent fault 
direction is the same before and after the internal 
indication, instead of opposite. A slow approach to 
the relay settings invariably will cause the A fault 
detectors to operate to start carrier and remove re- 
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Fig. 4. The cup type of directional element 
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straint from the directional unit before the B fault 
detectors remove the local holding circuit of the 
receiver unit and otherwise prepare for tripping. 
By this means, blocking is assured for all conditions 
of excessive through power, whether it is caused by a 
short circuit or merely an abnormal load. During 
out-of-step conditions, blocking will be accomplished 
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Fig. 5. Complete pilot relay equipment in one 


case 


H—A fault detectors 

! —Block cut-off units 

J —Block continuing unit 

K —Connection studs 

L —Receiver unit 

M—Compartment for 
auxiliaries and wiring 

N—Panel 


A—Directional unit 

B —Seal-in unit 

C—Ground fault de- 
tector 

D—Target reset 

E —Receiver test unit 

F —Targets 

G—B fault detectors 


from one end or the other at all times except for a 
brief period during which the currents at the 2 ends 
are approximately 180 degrees out of phase; there- 
fore, it is necessary to bridge only this short interval 
by continuing the carrier signal for about one second 
if an excess current in all 3 phases is indicated when 
the directional relay otherwise would cut off carrier. 
This block continuing action is terminated abruptly 
whenever any one of the 3 fault detectors resets it- 
self to normal. The continuing period is controlled 
by an auxiliary unit that picks up almost instantly 
and, because of a copper jacket, drops out on time 
delay. The auxiliary unit is controlled by the cir- 
cuit closing contacts of the A fault detectors, and 
by the back contacts of the directional units. The 
instantaneous cessation is brought about by a second 
auxiliary unit that is instantaneous in both direc- 
tions and cuts off carrier immediately when any A 
fault detector resets to normal. 

So long as there is an indication of a 3 phase exter- 
nal fault, both auxiliary units will pick up and open 
the grid bias. As the torque of the directional unit 
reverses and it moves to the trip position to reapply 
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the grid bias, it will first de-energize the time auxil! 
iary unit coil, but the bias will not be applied until 
the time unit also drops out. Before it drops out 
and turns off the carrier, the apparent fault locatiom 
will have changed again to external, and one of the 
directional units will have opened its bias contact tai 
start the other carrier transmitter. A continuous! 
transmission of a blocking signal thereby is secured! 

Should any internal short circuit, except a 3 phase 
one, occur during an out-of-step condition, one ori 
more of the fault detectors will drop out for part of! 
the slip cycle. This will let the instantaneous auxil- 
iary unit drop out and by-pass the time unit contacts 
so that the directional unit can turn off the carrier} 
immediately to permit tripping. A circumstance: 
that introduces slight delay in the clearing of a faultt 
is the occurrence of a 3 phase internal short circuitt 
during loss of synchronism or immediately follow— 
ing an external 3 phase fault. . 

For circuits in which instability or power oscilla— 
tions do not occur, and in which there are no othert 
reasons for current and voltage values that approach 
the setting of the fault detectors, one set of phase: 
fault detectors and the instability block auxiliaries: 
may be omitted. This results in some simplification} 
in equipment and has no effect upon the performance: 
during short circuits. 


DESCRIPTION OF VARIOUS UNITS 


Fault Detectors. The fault detecting units are con- 
ventional impedance relays in which current is bal- 
anced against voltage, but torque has been increased 
and inertia has been reduced, so that an exceedingly 
high speed is secured. With normal voltage and 
zero current, a 4 volt-ampere input to the potential 
coil gives the very strong pull of 200 grams in the 
plane of the contacts. The time-current character- 
istic is shown in figure 2. Adjustment is possible 
over a range of from 10 to 20 ohms. 

The ground fault detector is a simple overcurrent 
unit of the plunger type, and of intermediate size. 

Directional Umit. So far as relay design is con- 
cerned, one of the chief factors in the high speed 
secured is the new polyphase directional unit of the 
induction cup type, which was designed particu- 
larly for this application. In this cup type construc- 
tion the entire periphery of the rotor is active and 
produces torque. 

Furthermore, the diameter of the cup type rotor 
is small, and therefore the moment of inertia is kept 
low. With this double advantage of high torque and 
low inertia, the ratio of torque-to-inertia, which is a 
measure of speed, is very high. 

The problem in designing a fast induction relay is 
to produce, at a minimum radius, the maximum force 
available from a given input. For this reason all the 
coils of the unit are so arranged around the outside 
that the active ends of their poles may be focused 
on a rotor of small diameter and at the same time the 
coils may be in the best position to dissipate their 
heat losses, as shown in figure 4. 

Securing fast action is, of course, only half of the 
problem. Stopping the motion of the contacts with- 
out rebounding is just as important. In the poly- 
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phase directional unit this problem was solved by the 


_ use of a movable mass normally resting against the 


_ back of the fixed contact. 


This movable mass is so 


_ proportioned that it will accept the kinetic energy of 


with one element than would be possible with 3 


the moving contact, shaft, and rotor, and retreat 


with that energy, leaving the original moving mass 


standing quietly at contact. The familiar analogy 
to this action is the striking of one billiard bail 
squarely with another. The moving ball stops 
abruptly, and the previously static one assumes a 
speed substantially equal to the speed of the first 
ball at the moment of impact. In the relay the ab- 
sorbing mass also is in the shape of a bail. It is 
confined in an inclined tube with fairly close clear- 
ance. This makes for a dashpot action which, be- 
tween the outward and the return movements, ex- 
pends all the energy and allows the ball to ease back 
against the fixed contact without creating a new 
shock. 

This new polyphase unit has 3 elements condensed 
into one, thus saving space and affording a more 
economical design. The unit tends to be as fast 
as if 3 elements all jointed on one shaft were used, 
because the ratio of torque to inertia is the same for 
lor 3cups. The over-all torque necessarily is less 
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of the same size; however, the efficiency of the 


Fig. 6. Transmission line table set 
up for carrier pilot relaying test 


cup enables a single element to produce a torque 
(and hence contact pressure) greater than that of 
the 3 disk type elements that have long been con- 
sidered adequate. mas, 

Another innovation is the addition of a directional 
ground element on the same shaft with the polyphase 
elements. In this way the problem of giving the 
ground units preferential control is solved without 
the complication of interlocking contacts, so that 
regardless of the type of fault, the torque produced 
by the fault current will predominate at once. 
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A complete description of the many good points 
of this new unit, the concepts back of the design, 
and the exceptional performance, would make a 
story much too Jong to tell here. 

The time characteristics are shown in figure 3. 
Observe particularly the speedy action shown by 
curve C for single phase line-to-line short circuits 
As this represents the great majority of faults 
between phases, this curve is the most representative 
one. It is a performance not adversely influenced by 
nearness of the relay to the fault. In fact, the action 
is fastest and most thoroughly reliable on a short 
circuit right at the station. 

The advantage of this characteristic is great, for 
complete and proper protection is secured not only 
for all types and locations of single phase faults, 
but also for 3 phase faults that were single phase 
for the first cycle. 

To insure correct action for the very rare case of an 
initial 3 phase fault, the secondary potential should 
be one volt or more. This is because of possible trans- 
ients during the first cycle and because of the 
high speed of the unit. 

Lightning, the most prevalent source of trouble 
almost invariably will create an arc in any fault it 
causes, and this arc persists during the short time 
required for relay tripping. The arc alone, because 


of its minimum length (insulator flashover distance) 
will give sufficient secondary potential on any voltage 
system to polarize properly the directional unit to 
give correct results. 


Receiver Units. The receiver units, which serve to 
block undesired tripping, have undergone compara- 
tively little change and are still of the same sub- 
stantial, fully insulated construction as formerly, 
but they have been speeded up, as have the fault 
detectors and the directional units, so that they drop 
out and close contacts in 1/3 cycle. 
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Seal-In Unit. Once the tripping circuit has been 
made, it is sealed by the familiar auxiliary relay, 
until opened by the circuit breaker auxiliary switch. 

Receiver Test Unit. The receiver test unit shows 
whether the receiver signal strength is ample for its 
purpose. The unit is of the telephone type and is 
purposely less sensitive than the main receiver unit, 
which is in the protective circuit. If, therefore, 
on periodic tests the test unit functions, it will 
be a clear indication of a good margin of carrier to 
control the more sensitive receiver unit in the trip 
circuit. . : 

Targets. The relay equipment includes 4 electri- 
cally operated targets, 3 of which indicate whether 
the fault is phase-to-phase, and which phases are 
involved. The fourth target indicates if tripping was 
due to a ground. 

Out-of-Step Auxiliaries. The block continuing 
and the block cut-off auxiliary units are similar to 
telephone relays, except that they are provided with 
vacuum contacts. The time delay drop-out feature 
for the block continuing unit is provided by a 
copper slug to trap the flux and cause it to die out in 
about 0.8 second. 

Only One Case. A new feature is the assembly of 
all the units with their accessories in one case as illus- 
trated in figure 5. This saves an appreciable amount 
of space and eliminates all back-of-board con- 


nections except the power supply leads. The only 
studs to be brought out of the relay are those 
required for the remote connections. Piste 
which shows the backs of the panels, with a test ar- 
rangement of the previous type of equipment 
using individual relays, is a good example of the 
amount of back-of-board wiring that recently was 
necessary, but now is avoidable. This, in general, 
represents extra connections that are not required 
inside the case because every coil and contact is 
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brought to readily accessible connecting blocks in: 
the back of the case where the connections between: 
elements are made. 

It is as simple and as easy to remove any unit from: 
within this single case as if it were a separate relay: 
mounted in the familiar fashion. This now becomes: 
a relay equipment that is easier to test, install, andi 
maintain than a group of separate relays. The: 
same relay may be used with a wire channel, if for: 
any reason this should prove preferable. 


Test TABLE 


Although field tests have their proper place in the: 
development of new equipment, they are not a satis-: 
factory means for design, because of the difficulty of | 
accurately controlling the many variables involved.. 
The complete equipment herein described has been! 
subjected to severe and exhaustive factory tests: 
that were comparable with a long period of actual}. 
service. 

To make possible this comprehensive testing of. 
carrier current protection under equivalent system | 
conditions all under control from one point, a variable. 
artificial line has been constructed with reactance: 
characteristics, in miniature, closely approximating 
the transmission circuit being studied from a protec- 
tive viewpoint. 


Fig. 7. Back of the carrier pilot 
test table 


This transmission line table is equipped with 54 
tapped reactors wired to 4 rows of terminals, repre- 
senting 3 phases and ground, and capable of being 
interconnected to form a total system reactance up 
to 26 ohms on a 220 volt, 5 ampere basis. Of this 
total, any desired portion can be chosen to corre- 
spond to the line being studied, and tests may be 
made almost as accurately as they could be made in 
service, and far more completely than has been at- 
tempted on a high voltage line. No capacitors are 
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used in this artificial circuit, because line capacitance 
plays a negligible part in the performance of relays. 
_ The table, together with 2 skeleton panels which 
carry the individual relays now grouped as units in 
one case, is shown in figure 6 and the rear view is 
shown in figure 7. 

On each end of the line, and under control of the 
test relay equipment in a conventional way, are 2 
cycle circuit breakers. 

Short circuits can be thrown on any phase to 
ground or between any phases either inside or out- 
side the line section under observation, or they may 
be both inside and outside, as in the case of simuitane- 
ous double grounds. 

The alternators at each end of the system are large 
in comparison with the rating of the table; therefore, 
their speed is affected only slightly by changes in 
the power transmitted through the table. They can 
be made to operate with a normal interchange of 
power, or they can be thrown out of step and run at 
any desired slip frequency. This provides an oppor- 
tunity to check the relay performance under all con- 
ditions of operation. 


Test PERFORMANCE 


Many tests have been made, with correct results, 
and in addition, a series of demonstrations has been 
made before groups of engineers who have manipu- 
lated the controls with no embarrassment to the re- 
lay or its sponsors. Oscillograms in figures 8, 9, 10, 
and 11 show the intervals between the functioning 
of the various contacts and the over-all time where 
tripping was in order. 


MANUAL AND AUTOMATIC TEST EQUIPMENT 


Manual testing is performed by depressing the 
pushbutton in the grid bias circuit to turn on the 
transmitter. This operates both receiver test units 
to indicate correct functioning. It is customary for 
the operator at the remote end to answer by pushing 
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his button and thus check the over-all operation of 
the carrier equipment. The frequency of test varies 
from once an hour to once a day on different systems. 
A milliammeter furnished for the receiver plate cir- 
cuit may be used to determine the received signal. 
Although the foregoing provision usually is con- 
sidered quite adequate, automatic test equipment is 
available for those that desire it. Carrier is trans- 
mitted periodically from the originating station 
and received at the responding station. The re- 
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sponding station then follows with an answering 
carrier signal that will be the occasion for an alarm 
if it is not received by the originating station within 
the time expected. 

The equipment is entirely safeguarded against 
interference with its protective functions. No test 
signals can be sent or returned if the tripping units 
begin to function. 


JornT USE OF CARRIER EQUIPMENT 


The infrequent and brief use of the carrier equip- 
ment for protective purposes leaves the carrier 
channel idle most of the time. The use of the channel 
for other purposes when not required for protection, 
therefore, gives an added value. Thus, carrier re- 
laying apparatus makes available, at small additional 
cost, a telephone or telemeter circuit that will help 
share the expense of the joint channel. 

The protective functions are not affected, for the 
fault detectors will turn the carrier on whenever they 
operate and leave the directional unit in full control. 
During these periods the other use of the channel 
obviously is interrupted; but since these periods 
constitute only an extremely small proportion of the 
total time, no inconvenience will result. 

There are several possibilities of incorporating the 
relay carrier equipment into the communication 
system. By means of a simple modulating unit, 
any section of carrier relaying may be used as a 
station-to-station simplex telephone channel. 

Where communication is desired between 2 points 
connected by 2 transmission line routes, duplex serv- 


695 


ice is possible. Speech in one direction passes over 
one route and in the other direction over the other 
route. 

Other variants are possible, but it is believed that 
these 2 applications will cover many of the com- 
munication requirements. 

The relaying use of the carrier equipment only 
at the time of faults and the “‘trip-free during test”’ 
feature permit any section of carrier relaying to 
serve as a channel for any type of telemetering sys- 
tem that requires making and breaking a circuit. 
Where the indication is to be transmitted from one 
end to the other of a single section of line, the 
contacts of the sending instrument are inserted in 
series with the test pushbutton. At the receiving 
end a long life telephone relay is added externally, 
and takes the place of the usual test unit. Its con- 
tacts control the indicating or recording telemeter 
just as though a wire channel connected the ends. 
If the indication is to be conveyed over 2 or more 
line sections in series, the receiver relay contacts of 
the first section are used to turn on and off the 
transmitter in the second section, and the process 
continues until the destination is reached. The 
channel may include also wire sections for extending 
the indication to points not directly reached by 
the carrier channel. Hence, merely by adding any 
type of “‘on-and-off’’ telemeter and adding an ex- 
ternal receiver relay of a type designed to withstand 
a duty of several operations per second, indications 
may be transmitted at small additional cost. 


CONCLUSIONS 


New designs of relay units and improved control 
connections, now have given carrier pilot relaying 
twice the speed of previous systems giving equal 
protection, and simplification has reduced the cost, 
which should greatly broaden the field of applica- 
tion. The availability of the carrier channel for 
joint use with telephone or telemetering functions 
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increases its economic possibilities still further. 
Now that a speed of one cycle has been attained for 
the more severe short circuits, with no offsetting dis- 
advantages, further speed reduction will have no real 
significance. Thus, there is available a relaying 
system that gives the recognized advantages of the 
pilot system—fast clearing of any kind of fault; 
reduced duration of voltage dips; less damage; 
less shock to the system; less loss of load—hence, 
better satisfied customers. 
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A New Distance 
Ground Relay 


The theory and design of a new distance 
relay suitable for ground protection are de- 
scribed in this paper, and the results of 2 
groups of extensive field tests are presented. 
These results demonstrate that the new relay 
performs in a manner that can be predicted 
mathematically, and that it avoids certain 
difficulties involved in the application of 
conventional distance relays to ground pro- 
tection. 


By 
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R. M. SMITH 
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Svc: the introduction of the dis- 
tance principle for phase relaying, and particularly 
since the introduction of high speed phase relays, 
there has been a need for this same type of protec- 
tion in connection with ground faults. 

Distance relays for phase protection have proved 
their value in minimizing damage to lines and ap- 
paratus and interruption of service, and in raising the 
stability limit by means of their high speed operation 
and inherent selectivity. Although from the stand- 
point of stability, ground faults need not be cleared 
as rapidly as phase faults, their preponderance and 
the danger of their developing into phase faults if 
not quickly cleared, makes desirable the application 
of the distance principle to the clearing of this type 
of fault. Several difficulties have prevented the 
ready application of distance relays to ground 
faults heretofore; now there is available a relay that 
overcomes these difficulties. Extensive field tests 
have demonstrated that the theory and design of the 
relay is sound basically. A summary of the theory 
upon which the design is based and the results of the 
field tests may be of interest to protection engineers. 


SUMMARY AND CONCLUSIONS 


1. Conventional methods of distance relaying for ground faults 
are subject to errors due to: (a) the relatively large resistances 
present during ground faults; (b) changes in system connections 
external to the protected section; and (c) voltages induced in the 
protected line by the zero sequence current in a parallel line. 


2. A relay has been designed based on the theory developed by 
Lewis and Tippett. It incorporates compensating elements that 
cope effectively with the difficult conditions encountered on ground 


faults. 
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3. Thorough field tests under widely different conditions have 
demonstrated the ability of the relay to provide against ground 
faults the same accurate high speed distance protection that has 
been available for many years against phase faults. 


GENERAL CONSIDERATIONS 


In order to measure accurately the distance from 
the relays to a ground fault, it is necessary to obtain 
the quotient of the proper quantities. Usually there 
must be a voltage quantity and a current quantity; 
furthermore, the voltage quantity must be propor- 
tional to the voltage drop caused by the current be- 
tween the relay and the fault, and the current quan- 
tity must be proportional to the current producing 
the voltage drop. In general, the quantities that 
fulfill these conditions are the phase-to-ground volt- 
age and the line current. These are phase quanti- 
ties; therefore, 3 relays are required—one for each 
phase. 

In the interest of reducing the number of relays, it 
has occurred to many engineers that it might be pos- 
sible to employ one ground relay energized by the 
zero sequence voltage and current to obtain the zero 
sequence impedance. These quantities, however, 
do not give the correct impedance because the zero 
sequence voltage at the relay is not proportional to 
the impedance from the relay to the fault, but is 
proportional to the zero sequence impedance from 
the source of ground current to the relay. 

Since the source of zero sequence voltage is as- 
sumed to be at the fault, the zero sequence voltage 
at the relay is —Jo Zor, where Zor is the zero sequence 
impedance between the relay to the source of ground 
current, whereas the quantity desired is —Io (Zor — 
Zor), in which Zor is the impedance from the fault to 
the ground current source. 

Previous attempts have been made to reduce the 
number of relays by employing various switching 


Fig. 1. Diagram of a grounded delta-star sys- TO 
: POWER 
tem with a fault to ground SOURCE 
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means whereby only 3 relays are required for protec- 
tion against both phase-to-ground faults and phase- 
to-phase faults.t These switching schemes always 
require selector and transfer relays to change the re- 
lay voltage connections and relay settings, and the 
difficult and undesirable process of switching in the 
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current circuit often is required. In addition to the 
inherent disadvantages of these switching schemes 
it is extremely doubtful whether any simplification 
in relay equipment is accomplished. There are cer- 
tain fundamental requirements of an accurate dis- 
tance ground relay that are extremely difficult, if not 
impossible, to meet with 3 relays and switching 
means to protect against all interphase and ground 
faults. 

It may be concluded, therefore, that successful re- 
sults can be obtained only by 3 relays utilizing line- 
to-ground voltage and line current, or voltages and 
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Fig. 2. Single line diagram of a system equivalent 
to the system of figure 1 


currents derived from these quantities; however, 
conventional distance relays that are energized only 
by line-to-ground potential and line current will not 
give satisfactory results, for several reasons. 

First, such a relay system is subject to considerable 
error because of the variation in the distribution of 
the positive, negative, and zero sequence impedances 
outside the protected section. For example, on a 
radial line fed from a grounded delta-star transformer 
bank, all of the positive, negative, and zero sequence 
currents flow through the relay (see figure 1). A 
distance relay with conventional connections can be 
adjusted to measure correctly the distance to a single 
phase ground fault under these conditions. 

It should be noted that the zero sequence current 
is equal to 1/; of the line current; furthermore, the 
voltage applied to the relay is made up of the voltage 
drops caused by the positive, negative, and zero se- 
quence currents flowing through their respective im- 
pedances. The zero sequence impedance, however, 
is materially greater than the positive sequence im- 
pedance and the contribution to the total line-to- 
ground voltage drop made by the zero sequence cur- 
rent therefore is considerably higher than the con- 
tribution of the other 2 sequence components. 

Now suppose that the far end of the line be con- 
nected to a generator through an ungrounded trans- 
former. It is obvious that the distribution of the 
sequence impedances has been altered since positive 
and negative currents flow from both ends of the line 
to the fault, but the zero sequence current still comes 
only from the relay end. The zero sequence current 
component in the relay no longer is equal to !/3 of 
the line current. In other words, a change of con- 
nections outside the protected line section has 
changed the distribution of the sequence compo- 
nents of the relay current, but the sequence voltages 
that made up the relay restraint have not been 
changed in the same manner, because the zero se- 
quence current component operates on an impedance 
entirely different in value from the other component 
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impedances. It is obvious, therefore, that a relay 
set to operate correctly for the first condition will not 
be correct for the second condition. 

A satisfactory ground relay must be provided with 
a means to compensate automatically for the differ- 
ent distribution of positive, negative, and zero se- 
quence currents due to system changes external to the 
section being protected. During ground faults 
there are 2 more fundamental conditions that are 
imposed upon a distance relay using conventional 
connections. 

First, the fault resistance values encountered in 
ground faults generally are higher than those in 
phase-to-phase faults. This is due mostly to the 
tower footing resistance or to the particular manner 
in which the object causing the fault is connected to 
ground. Although distance relays of the imped- 
ance type have been proved entirely suitable for 
phase protection, it is obvious that the larger fault 
resistance of grounds would affect materially an im- 
pedance relay. A satisfactory ground relay, there- 
fore, must operate as a reactance relay. 

Second, the zero sequence mutual impedance be- 
tween parallel lines materially changes the apparent 
distance to a ground fault at various locations, and 
a satisfactory relay must embody a means for cor- 
recting this error. Lewis and Tippett? have cal- 
culated in terms of symmetrical components the 
voltages and currents in all types of faults on trans- 
mission lines and. also the apparent distance indica- 
tions that would be given by conventional imped- 
ance and reactance relays. 

An examination of the equations indicates 2 meth- 
ods of eliminating the undesirable errors, a method 
of current compensation and a method of voltage 
compensation; that is, a subtraction of the unde- 
sirable voltage components from the line-to-ground 
voltage or the addition of the proper current compo- 
nents to neutralize the voltage components. The 
latter method has been used, since it possesses ad- 


Fig. 3. The new reactance type of ground relay 
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vantages that are apparent from the Lewis and 
Tippett paper. 

The general expression for the line-to-ground volt- 
age for a line-to-ground fault is (see figure 2): 
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line-to-ground voltage 


Zigh = positive sequence impedance station G to H 

Zou = zero sequence impedance station G to H 

Mocu = mutual impedance between lines from G to H 

m = fraction of distance from G to H at which fault is assumed 
to occur 

Iggy = phase A fault current 

Ihgy = zero sequence fault current on faulted line 


Ihe = zero sequence fault current on parallel line 
Bold face characters represent vector values. 


Inspection of equation 1 will confirm what was said 
previously regarding the errors inherent, in a relay 
connected conventionally. Multiplying the terms 
in the bracket by m Zigu results in 


m Ligulacr + oer m (Loox — Zign) + hen m Mocu 


The first term represents the voltage drop caused 
by the line current in the positive sequence imped- 
ance. The second term represents the voltage drop 
caused by the zero sequence current, and the third 
the voltage drop caused by the zero sequence mutual 
impedance between parallel lines. A conventional 
relay using line current and line-to-ground voltage 
takes account of the first term only, since the second 
term is not represented in the relay current element. 
It may be seen that variations in the distribution of 
line current and residual current cause trouble only 
because the zero sequence impedance is different 
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Fig. 4. Distance-time characteristic of balance-point 
distance ground relay 


from the positive sequence impedance, for if they 
were the same, the second term would vanish. 

It is evident that if a relay current J, equal to the 
value of the expression in brackets (equation 1) is 
used, the indicated impedance is 


Coon Tone) Re (2) 


In general, all impedances involved have nearly 
the same phase angle; hence, the ratio (Lacr + 
I.ur)/I, will be a pure number and the resistance 
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term in equation 2 will be disregarded by a relay 
responsive only to reactance. The first term is di- 
rectly proportional to the distance to the fault and 
is, of course, independent of conditions external to 
the faulted section. 

Since the line current is present in the relays, they 
may be expected to operate on phase-to-phase and 
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Fig. 5. Diagram of ground relay reactance element 


double line-to-ground faults. Lewis and Tippet? 
have analyzed the conditions existing during a double 
line-to-ground fault, and have obtained the expres- 
sions 
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for the apparent impedance values as seen by phase 
B and phase C relays during grounds on B and C 
phases, respectively. 

In this type of fault the line and residual currents 
usually are considerably out of phase; therefore, the 
relay currents I,cr and I,cr, being made up of both 
line and residual currents, will be intermediate in 
phase between the line and residual currents, and 
hence the resistance terms will contain apparent re- 
actance components. The individual reactance com- 
ponents in each expression will tend to cancel each 
other, however, since the relaying current has a phase 
position intermediate between the line current and 
residual current and will therefore lag one and lead 
the other. If the fault resistance Rs between phases 
and the ground fault resistance Re are not large com- 
pared with the line reactance, and do not run to op- 
posite extremes, it might be expected that the errors 
would not cause undue trouble. Because a phase- 
to-phase fault represents small Rs values and an in- 
finite value of Rc, however, it appears that aver- 
age service conditions easily may present a very 
wide variation in the 2 resistance terms. For these 
reasons it may be anticipated that a satisfactory re- 
lay must be arranged so as to prevent tripping on all 
faults other than single phase-to-ground faults. 
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This will result in no disadvantage, since distance 
relays for phase protection usually will be available 
to clear the double-ground faults. According to a 
description by A. R. van C. Warrington,” an at- 
tempt has been made to obtain accurate interphase 
and ground distance measurement by means of 3 re- 
lays and a switching arrangement. It is apparent, 
however, that the scheme described will not provide 
correct protection, since no compensation for mu- 
tual induction is employed; moreover, incorrect 
tripping on double ground faults may occur because 
of the unpredictable errors outlined in the foregoing 


discussion. 
A New DISTANCE RELAY 


Figure 3 shows a relay of the reactance type pro- 
vided with the additional operating current compo- 
nents required to eliminate the errors discussed pre- 
viously. 

Structurally, this new relay is similar to the beam 
type’ of impedance relay now so successfully used for 
phase-to-phase protection; it employs 3 separate 
balanced beam elements to give the time-distance 
characteristic shown in figure 4. 

The elements providing zones 1 and 2 are mechani- 
cal duplicates of the familiar beam type impedance 
element, except that they have been modified to re- 
spond to reactance instead of impedance. This is 
accomplished by the addition of a potential coil on 
the current or operating side of the beam (see figure 
5). The operating force is proportional to the square 
of the vector sum of the currents in the potential and 
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current coils, but the restraint is proportional to the 
square of the voltage. From the cosine law of trigo- 
nometry the operating force is 


Fy = KE +12 + 2K Eyl cos (a + 6) 


where a is the angle by which the current in the addi- 
tional operating coil Mp) leads the applied voltage, 
and the restraining force is 


Fr = KiE” 


where Lp is the voltage applied to the restraining coil. 
At the balance point the operating and restraining 
forces are just equal; therefore, 


KiE,’ = KE)” + P? + 2K Eyl cos (a + 8) 


If the angle a = 90 degrees and the pull of the Ey 
coil equals that of the Fr coil, then K, = K and the 
equation reduces to 


I? = 2K Eyl sin 6 


which is the equation of the reactance relay.‘ 

The third element is of the ordinary impedance 
type, and it functions as a back-up element and a 
fault detector element to prevent incorrect operation 
of the reactance elements during normal load condi- 
tions, and to allow proper functioning during fault 
conditions, The inductor-loop directional element 
and synchronous timer are duplicates of elements 
that have been used in beam type impedance relays 
for many years. 

Zero sequence current and voltage are used on the 
directional element to eliminate the necessity of di- 
rectional control of the reactance elements, since the 
directional element is de-energized during normal 
conditions. In addition to these elements, 3 small 
direct current operated switches are used to provide 
the contacts necessary for the third (impedance) ele- 
ment to control the reactance elements and to block 
all 3 relays on phase-to-phase faults. 

Normally, the back contacts of switch 3 of figure 6 
short-circuit the potential coils on the operating side 
of the first and second reactance elements, which is 
entirely feasible, since these potential coils are in 
series with capacitors mounted externally. The 
short circuit on the potential coils effectively nulli- 
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A. 


fies the operating flux and prevents operation of the 
reactance elements under normal load conditions, in 
which the apparent reactance, as seen by the relay, 
is very small or even negative. The directional ele- 
ment potential coil of each relay is in series with the 
“make’’ contact of switch 3 and is wired externally 
in series with the back contact of switch 1 or 2 in 
each of the other 2 relays. Operation of the third 
(impedance) element energizes switches 1, 2, and 


38 through its “make’’ contact, thus rendering the 


reactance elements operative and energizing the di- 
rectional element potential coil. If the third ele- 


“ment in more than one relay operates, however, the 


energization of the directional elements in all relays 
will be prevented because the back contacts on 
switches 1 and 2 will open. It is evident, therefore, 


_ that this arrangement allows the relays to operate 


only on a single phase-to-ground fault. 

Figures 7 and 8 show the external connections for 
3d relays. The line current of the protected line and 
the residual currents of the protected line and parallel 
line, if there are any, are fed into the primaries of the 
external adjusting transformer, of which the secon- 
dary feeds the current coils of the first and second 
reactance elements. The transformer secondary 


_ coils and the reactance elements are provided with 


taps for making the proper settings. The line cur- 
rent, after passing through the transformer primary, 
flows through the third (impedance) element after 
which a neutral is formed, and the residual current 
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passes through the directional element and syn- 
chronous timer current coils. The voltage coil of the 
directional element receives zero sequence volt- 
age, but the restraint potential coils of the distance 
elements receive the line-to-ground voltage. 

It might appear that the proper setting of such a 
relay would be complicated; however, this is not the 
case. In fact, the setting process is only slightly 
more complicated than the setting of a conventional 
phase-to-phase distance relay. As indicated by the 
first term in equation 1, the balance point would be 
set on the basis of a 3 phase fault; that is, the Iocr 
and Ijgy currents are assumed not to exist and m Zicu 
is the line-to-neutral impedance in ohms of the line 
to the balance point. This setting is made to agree 
with the formula 


T; 

Bes Oia 

T2 

where 

T» transformer secondary taps 


Tz; = current coil taps on reactance elements 

= line-to-neutral impedance in ohms (based on secondary 
values) 
K = aconstant fixed by relay design 


A relay, set according to this formula, will operate 
correctly, as far as the distance elements are con- 
cerned, on 3 phase faults not involving grounds. 
On ground faults, however, an additional component 
appears in the voltage, and in order to balance it, 
the proper component must be contributed by the 
residual current Incr. By means of taps the number 
of turns in this winding is fixed by the equation 


(Logx Ta Zigu) 
To) = IL. 
: = 3 Lig 


where 


T4 = number of turns in Iggr primary winding 
T) = number of turns in Jogr primary winding 


The factor 3 occurs in the denominator because re- 
sidual current is equal to 3 ler. 

When a parallel line is present, the turns in the 
winding that receives the residual current from this 
line are adjusted according to the relation 


where 7y = turns in Ipgy winding. 

It is clear, from this method of setting, that all 
compensation indicated by the general equation 1 
has been provided automatically. 


FIELD TESTS 


Extensive field tests have been conducted to prove 
the theory and operation of this new relay. These 
tests covered a wide range of conditions both in re- 
gard to the line characteristics and the general sys- 
tem characteristics. 

The first group of tests was conducted on a pair of 
110 kv lines of the Carolina Power and Light Com- 
pany. These lines are located near Raleigh, N. C., 
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and are approximately 25 miles long. The results of 
the impedance measurements are: 


i338 +17 223 
24.45 + 7 57.3 

The second group of tests was conducted on 2. 22 
kv lines of the Duquesne Light Company located 
near Pittsburgh, Pa. These lines are approximately 
6 miles long. The results of the impedance measure- 
ments are: 


A = 126+ 53.5 
Zo = 9.744 714.3 
My = 8.5 +7 10.0 


Figure 9 shows the system arrangement applying 
to both groups of tests. The switching arrangement 
was flexible enough to allow a change of connections 
in any manner desired. 

In each group of tests the procedure was to calcu- 
late the relay setting to locate the balance point of 
the first distance element at the fault location, which 
usually was at the next bus, and to check this setting 
by solid line-to-ground faults with the parallel line 
out of service and the faulted line fed from one end 
only. The tests indicated clearly that the method 
of setting, as discussed previously, gives correct re- 
sults, for in each case a slight movement of the bal- 
ance point setting back toward the relay prevented 
operation of the distance elements. 

On single lines fed from one end only, the effect of 
fault resistance was determined. On the 110 kv 
lines, fixed resistance up to twice the positive se- 
quence impedance and arcs up to 25 feet in length 
were inserted at the fault. On the 22 kv lines, re- 
sistance up to 10.5 ohms, or approximately 3 times 
the line impedance was used, but no arc faults were 
produced. It is interesting, however, that on the 
basis of 300 volts per foot and 1,000 amperes, a 10 
ohm resistance is equivalent to a 33 foot arc. These 
values of fault resistance did not shift the balance 
point as much as 6 per cent, which is the smallest 
variation provided by the relay taps. Furthermore, 
in all other tests in which the primary purpose was 
to test other factors, similar resistances were intro- 
duced into the fault, and in no case did the distance 
elements change their apparent setting. This shows 
that the relay is independent of fault resistance on 
ground faults. 

Several faults, both solid and with fault resistance, 
were produced to test the effectiveness of the residual 
current component in eliminating errors due to 
changes in system connections outside the protected 
section. After checking the accuracy of the setting 
for a fault at point y (figure 9) with breakers 3 and 
4 open and the power transformer neutral grounded 


Zi 
Zo 


I ll 
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at the relay end, breaker 4 was closed and power was 
fed into station B with the transformer neutral 
solidly grounded. This produced no shift in the 
balance point for either a solid or resistance single 
phase fault to ground at y. On the 110 kv system 
it was not possible to insert resistance in the power 
transformer neutrals, but on the 22 kv system the re- 
sistance in the neutral at the relay end was varied 
from 3.75 to 15 ohms with no discernible shift in the 
relay balance point. These tests amply demon- 
strated the ability of the residual component in the 
relay to compensate for any shift in the line and re- 
sidual current distribution due to changes in system 
connections at the far end of the line. 

With power supply at station A, but with the neu- 
tral ungrounded, and with grounded neutral but no 
power supply at station B (line 2 out of service), the 
results were not the same for the 2 types of tested 
lines. On the 110 kv system, the apparent relay 
setting was not shifted in any way; however, on the 
22 kv system the balance point was shifted back 
toward the relay approximately 14/1. The relay 
did not trip the breaker, since no ground current 
could flow from the ungrounded end, and the direc- 
tional element received no zero sequence current. 
For similar systems, the directional elements could 
be energized by phase currents and phase-to-phase 
voltages, as in other directional relays. 

In both groups of tests several double line-to- 
ground faults were produced with various values of 
resistances Rs between phases and Re to ground in 
order to observe the action of the distance elements. 
On the 110 kv line, with phases A and B faulted to 
ground, the phase B relay balance points shifted 
materially beyond the fault point, regardless of 
whether Rs was greater than Re or the reverse, ex- 
cept on one fault. This fault to ground cleared it- 
self, leaving a plain phase-to-phase fault on which 
the A phase relay operated and the B phase relay 
did not. On the 22 kv system the results were, in 
general, just the reverse; the A phase relay shifted 
beyond the fault and the B phase relay shifted its 
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Fig. 10. Oscillogram showing typical operation of 
the new distance ground relay 
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balance point back. These tests indicate quite 
clearly that the relay errors on double line-to-ground 
faults, as expressed in equations 3 and 4, are variable 
and in general unpredictable, thus justifying the 
switching arrangement whereby tripping is pre- 
vented on double line-to-ground faults. | 

The effect of the mutual zero sequence impedance 
of the parallel line and the ability of the additional 
residual current Ijcy to compensate for it were in- 
vestigated only in the 22 ky tests, since the compen- 
sating winding was not incorporated in the relays 
used on the 110 kv tests. For both solid and 10 
ohm ground faults at y, the relay balance point did 
not shift as much as 6 per cent, since the setting was 
the same as required under the same conditions with- 
out the parallel line in service. Failure of the re- 
lays to operate when connected for the protection of 
line 2 against faults at x on line 1, was investigated, 
and a correct action was obtained. 

Although the relays were not equipped for mutual 
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Hydrogen cooled synchronous condensers 
now in use have a total rating of several 
hundred thousand kilovolt-amperes. Dur- 
ing the last 2 years the use of hydrogen 
cooling has been extended to frequency 
converters, and most recently to turbine 
generators. Several such machines now 
are being constructed. This method of 
cooling not only results in a reduction of 
machine losses and maintenance cost, but 
also makes feasible the construction of 
units with capacities greater than those of 
the existing air cooled units. 
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eee responsible for the de- 
sign, construction, and performance of electrical 
machines always have considered the problem of 
ventilating these machines to be important. The 
outstanding progress that has been made toward 
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effects on the 110 kv lines, it was noted that the par- 
allel line, which was on the same towers, caused a 
shift in the relay balance point of approximately 1/3. 
These tests indicate that where parallel lines are on 
the same towers, compensation must be made for the 
mutual effects, if accurate distance measurement is 
desired. Figure 10 shows an oscillogram of a single 
phase fault close to the relay location. Note that 
tripping occurs in 1.29 cycles. For faults close to 
the balance point, the time was approximately 3 
cycles. 
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obtaining a better solution of this problem embraces 
2 principal] features: first, a material reduction of the 
losses; second, the development of more effective 
methods of dissipating them. From the beginning 
of the industry, air has been used almost universally 
as the cooling inedium for all classes of rotating 
electrical machines. Since air is the most plentiful 
and the cheapest of all gases and an efficient heat 
transfer medium, it undoubtedly will continue to be 
used as the coolant for the major number of classes 
of such machines in the future. 

The development of air-ventilation of the Jarger 
and more important electrical machines can be 
grouped chronologically into 3 main periods. Dur- 
ing the first and earliest period, a continuous stream 
of cooling air was carried to the machine through in- 
take ducts, passed through the unit, and discharged 
through outlet ducts to regions beyond the source 
of supply. The principal disadvantage of such a 
system was that the air available at the site of utili- 
zation usually was contaminated with dirt and other 
solid impurities. In the second period, a move 
toward the alleviation of this difficulty was the 
intreduction of air filtering devices in the incoming 
air ducts. Such devices were reasonably effective 
and actually they removed a large proportion of the 
solid impurities. Even with a relatively small 
amount of dirt remaining in the air, the quantity of 
such material carried into the machine during a year’s 
time was enormous, particuJarly in machines in fuel 
burning stations. In the third and present stage of 
the development, the closed circuit ventilating sys- 
tem with the surface type of air cooler or heat ex- 
changer is used. Since in this system the cooling air 
is recirculated, a relatively small amount of dirt is 
carried into the machine to clog ventilating passages, 
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coat ventilating surfaces and 
reduce heat transfer coeffici- 
ents, and be deposited on the 
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surfaces of the coils. A fur- 

ther refinement of this system 250VOLT D-C 
was obtained by introducing a aot 
make-up air filter at a low SWITCH 


pressure zone in the ventilat- 
ing system, for filtering the air 
required to compensate for the 
outward leakage at the sec- 
tions above atmospheric pres- 
The use of the closed 


sure. 
circuit ventilating system, PUSHBUTTON 

. SWITCH TO CUT 
with air coolers and make-up OUT ALARM 
air filters, is considered to be a 
development of far reaching rN con 
importance in improving the FOR ALARM 


performance of both stator 
and rotor windings, and in 
reducing the maintenance ex- 
pense and fire hazard due to winding failures. 


An- 
other improvement could be effected by making the 
enclosure essentially air-tight, so that no make-up air 
would be required, and by keeping the inside of the 


machine as clean as possible. Probably this is the 
optimum condition to be obtained with air cooling, 
but it is questionable whether the benefits obtained 
would justify the added investment costs. 


CooLING WITH GASES OTHER THAN AIR 


The 3 most important factors that are closely de- 
pendent on the ventilation of electrical machines are: 
output per unit weight, or volume of material; loss 
per unit of output; and maintenance cost per unit of 
time. The use of gases other than air has been 
investigated by many during the past several years, 
to determine their effect on these factors. Since it is 
possible to eliminate completely the item of cleanli- 
ness by adopting a gas-tight housing structure, all 
gases can be placed on the same relative basis from 
this standpoint. In general, the use of gases having 
approximately the same densities as air, or greater 
densities, contributes a negligible amount in in- 
creasing either the efficiency or the unit output, but 
may have a great influence on maintenance costs. 
Noninflammable gases such as nitrogen, carbon- 
dioxide, and flue gas would eliminate completely 
the oxidation effects on organic materials, and the fire 
hazard. In most cases the evaluation of the gains 
from this factor alone would not justify the use of 


these gases as coolants of rotating electrical ma- 
chines. 


Gases LIGHTER THAN AIR 


Hydrogen and helium are the 2 common gases that 
are appreciably lighter than air. Helium is inert and 
noninflammable, and from these considerations 
would be an ideal medium for ventilation purposes. 
Because of its scarcity and cost, however, it cannot 
be considered as an available cooling medium. 

On the contrary, hydrogen can be obtained in un- 
limited quantities at relatively low cost, and is a 
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more desirable cooling medium than helium because 
of its lower density and better thermal character- 
istics. Moreover; commercial hydrogen has the 
degree of purity desired and needed for cooling pur- 
poses; it is inert, nonexplosive, and will not support 
combustion. In general, it may be stated that at 
present hydrogen is the most desirable gas that can 
be used as the cooling medium for certain types of 
rotating electrical machines. The relative values of 
the principal characteristics of air and hydrogen that 
intimately concern the ventilation problem are given 
in table I. 

Actual] operating experience with hydrogen cooling 
of 2 types of synchronous machines fully demon- 
strates that the output can be increased approxi- 
mately '/, without exceeding the temperature 
limits specified for air cooling. In general, however, 
this gain in rating cannot be realized without sacri- 
ficing other important operating characteristics of 
the unit. 

A clear visualization of the possible reduction in 
losses may be obtained by considering a particular 
type of machine operating under the same load 
conditions in air and in hydrogen, with the volume 
and pressure of the gas under static conditions main- 
tained the same for both conditions. In the machine, 
losses will be (a2 + 0) per cent of the output, where 
the term 0D represents the windage, friction, and 
ventilation losses, and the term a represents all other 
losses. Since the windage, friction, and ventilation 
losses depend directly upon the density of the cooling 
medium, these losses will be reduced 90 per cent 
when the machine is operated in hydrogen, because 
the gas density is 10 per cent of that of air. The 
remaining losses will be modified slightly by the 
lower temperatures of the machine parts, but the 
change is small and may be neglected. This is a 
fundamental relation that applies to any type of 
machine. Greater reduction in losses can be ob- 
tained only by increasing the weights and dimensions 
of the active parts to lower the generated losses per 
unit of material; however, this defeats one of the 
main purposes of using hydrogen, and the added 
expense would be justified only in exceptional cases. 
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Since a mixture of hydrogen and air is explosive 
over a wide range of proportions, the design of the 
machine and the operating procedure are such that 
_ explosive mixtures are not possible under any condi- 

tion of operation. In order to provide for some un- 
foreseen condition brought about by the failure to 
follow the defined procedure, it has been deemed 
advisable to design hydrogen cooled machines to be 
explosion safe. In this connection it should be noted 
that ‘explosion safe’ is interpreted to mean that the 
housing will not fail and result in damage to life and 
property external to the machine. No guarantee 
can be made that the explosion will not result in 
damage or dislocation of internal parts. 

On the basis of the most favorable mixture for 
explosions, the pressure developed inside the en- 
closure would not become more than 1/, the maxi- 
mum theoretical value, because of the large heat 
storage capacity and the exposed surfaces of the 
large mass of both active and and structural parts of 
the machine. Analysis and experience both indicate 
_ that the actual explosive pressure will not exceed 85 
pounds per square inch; consequently, it has become 
accepted practice to design the housings of hydrogen 
cooled machines to withstand an internal pressure of 
100 pounds per square inch without failure, and to 
withstand a pressure of 50 pounds per square inch 
without permanent distortion. 


HYDROGEN CONTROL 


It is necessary, in fixing the design features and 
operating procedure of hydrogen cooled machines, to 
follow conservative and safe practices. The 4 princi- 
pal requirements of the hydrogen control equipment 
are determined by the running, standstill, gas filling, 
and gas emptying conditions. In filling or emptying 
the housing, it is considered necessary to use an inert 
gas such as carbon dioxide or nitrogen to make the 
initial displacement, so that there will not be any 
mixing of hydrogen and air in performing these 
operations. The primary functions of the hydrogen 
control equipment are to provide for manual scaveng- 
ing and filling the machine housing with hydrogen, 
to maintain a predetermined purity and pressure of 
hydrogen in the machine housing by admitting 
hydrogen to the equipment, and to give warning of 
improper operation or failure. 

Each unit is provided with a control and alarm 
system that is simple to operate, and is adequate 
from the standpoint of reliability and protection. A 
diagram of typical control equipment is given in 
figure 1. 


SuMMARY OF ADVANTAGES OF HYDROGEN COOLING 


The principal advantages resulting from the use of 
hydrogen as the coolant are: 
1. Reduced windage, friction, and ventilating losses, because of the 
low density of the gas. 
2. Increased output per unit volume of active material, because of 
the high heat-storage capacity, thermal conductivity, and heat 
transfer coefficients of hydrogen. 
3. Reduced maintenance expense due to the freedom from dirt and 
moisture. 
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4. Increased life of the insulation on the stator winding because of 
the absence of oxygen and moisture in the presence of corona. 


5. Reduced noise due to low gas density. 


CLASSES OF MACHINES 
SUITABLE FOR HyDROGEN COOLING 


Electrical machines that operate at high speeds 
and have high windage, friction, and ventilation 
losses are suitable inherently for cooling with hydro- 
gen. This classification includes synchronous con- 
densers, frequency converters, and turbine genera- 
tors. From the construction standpoint, these 
types of machines can be arranged in 2 groups, one 
in which the complete unit can be enclosed in a 
metallic housing, and another in which it is necessary 
for shafts to extend through the housing. Syn- 
chronous condensers and frequency converters are 
complete units in themselves, and can be completely 
enclosed, whereas turbine generators require shaft 
extensions for mechanical connection to prime 
movers, and have entirely different cooling require- 
ments. 


SYNCHRONOUS CONDENSERS 


Hydrogen cooling has been used for synchronous 
condensers for several years, and the units now giving 
satisfactory service have a total capacity of several] 
hundred thousand kilovolt-amperes. With this class 
of equipment, in which there is no energy trans- 
formation, the principal stability requirement is that 
it maintain synchronous relations with the system 
during operating conditions, and under reasonable 
transient system disturbances. It is not necessary 


Table I—Relative Values of the Characteristics of Air and 
Hydrogen as Coolants 


Cooling Gas Air Hydrogen 
Weight density: Asc silica Siege siry tered toe ene ee L700. eae 0.07 
‘Thertiial, cod uct@itY t4ses2 oes Sate ote eee 1 Oe ars ere 7.00 
Heat transfer coefficient from surfaces to gas........... n WER Oey, dor. eo. osGe 1735 
Specific heats... aiciain Gt teens se ee ee Oe 1.0 enim 0.98 
Support combustion. an. ate cine ie Cee Pear ete et Ves aoe No 
Oxidizing agent: ool ee ese nae oes) henge) ae pee et Westie eee No 


to build such machines with high synchronizing or 
pull-out capacity. Hence, synchronous condensers 
offer the greatest possibilities with hydrogen cooling 
for obtaining maximum output per unit of material 
and minimum losses per unit of output. The full 
gain in rating cannot be obtained if an underexcited 
machine is required to deliver a relatively high out- 
put. 

Actual experience in the design, manufacture, and 
operation of hydrogen cooled synchronous con- 
densers has demonstrated that a housing structure 
can be fabricated from good quality steel plate with 
permanent joints made gas-tight by electric welding. 
The cylindrical housing member with dome-shaped 
end-heads is the most suitable type of structure to 
withstand the explosion pressure that might occur 
as a result of some unforeseen condition. 
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Fig. 2. Housing of a 60,000-kva hydrogen-cooled 
frequency converter 


FREQUENCY CONVERTERS 


The frequency converter gradually is supplanting 
direct generation as the method of obtaining special 
frequencies for transportation and industrial applica- 
tions. The principal frequency converter applica- 
tion has been the conversion from 60 to 25 cycles per 
second, for which a synchronous speed of 300 rpm 
is required. At this speed the windage, friction, and 
ventilation losses with air cooling are lower than for 
the synchronous condenser that can be built for 
higher speeds, and the use of hydrogen results in a 
smaller saving in losses. The characteristics of 
frequency converters differ from those of condensers, 
for a high pull-out torque usually is required to keep 
the systems from pulling apart under normal fault 
conditions. Since the short-circuit ratio and pull- 
out torque must be kept the same for both air and 
hydrogen cooling, the reduction in weight and dimen- 
sions for hydrogen cooling is not as large as it is for 
synchronous condensers, in which no direct or in- 
direct restriction is placed on the pull-out character- 
istics. In meeting this requirement, it is necessary 
to utilize approximately '/; the gain in rotor output 
to maintain stability, and the remainder to increase 
the output. Asa result, the net reduction in physi- 
cal size and weight of active parts is 12 to 15 per 
cent. 

The economic factors that justify the use of hydro- 
gen cooling for frequency converters are the same as 
for synchronous condensers. Although the gains 
from using hydrogen are not as large as they are for 
synchronous condensers, it is believed that an evalua- 
tion of all factors, such as the elimination of an 
external housing for outdoor applications, reduced 
maintenance, and simplicity of operation, will fully 
justify its use for 60 to 25 cycle frequency con- 
verters. At the present time there is only one 
hydrogen cooled frequency converter of this type in 
service, but it is expected that the use of hydrogen 
cooling will become standard practice for large units 
of this type in the future. 

Although the electric utility industry has stand- 
ardized on a frequency of 60 cycles per second for the 
generation, transmission, distribution, and_utiliza- 
tion of electric energy, a portion of the Pacific Coast 
section of California uses a frequency of 50 cycles per 
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second. The interconnection of adjacent 50 and 60 
cycle systems requires 50 to 60 cycle frequency con- 
verters. Frequency converters for this application 
can be built for any desired rating at 600 rpm, and 
thus are well adapted for hydrogen cooling. 

The hydrogen-cooled 60,000-kva frequency con- 
verter set now on order for the Bureau of Power and 
Light of the city of Los Angeles is interesting because 
of its appplication, rating, and speed. 

The Bureau of Power and Light has a project 
under way at the present time for changing the fre- 
quency of its distribution and generating systems 
from 50 to 60 cycles per second. The city’s Boulder 
Dam generators, now being installed, will be the only 
source of supply for the 60 cycle load; consequently, 
frequency conversion equipment is needed to inter- 
connect the 60 cycle Boulder Dam supply and dis- 
tribution systems with the 50 cycle distribution 
system. During this change-over period, a portion 
of the 60 cycle energy from Boulder Dam normally 
will go directly into the Bureau’s 60 cycle system, 
and the remainder will go through the frequency 
converter into the 50 cycle system, thus utilizing the 
full output from the Boulder Dam generating station 
as it becomes available. Should there be an inter- 
ruption of the supply from Boulder Dam, the 60 cycle 
load will be supplied through the frequency changer 
from the 50 cycle system. After the frequency 
change-over is completed, the need for frequency 
conversion internal to the Bureau’s system will have 
disappeared. When this time is reached, the units 
can function either as frequency changers in connec- 
tion with adjacent 50 cycle systems, or the rotors 
may be uncoupled and the 2 elements operated as 
synchronous condensers on the city system. 


DESIGN AND CONSTRUCTION PROBLEMS 


The design of a 60,000-kva, 600-rpm, 60-to-50- 
cycle frequency converter set involves numerous 
mechanical problems irrespective of the cooling 
medium used. The major mechanical problem of 
this particular set was introduced by the contract 
requirement that the 50 cycle motor element be 
capable of operating as a 60 cycle synchronous con- 
denser at 720 rpm at some later date when the 2 units 
are separated. Both units are required to withstand 
an overspeed test of 25 per cent, based upon the 60 
cycle operating speed, and the stresses in the rotor 
materials are not to exceed a specified percentage of 


Fig. 3. Rotor assembly of 60,000 kva frequency 
converter 
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the yield points of the materials. Since the speeds 
of the generator and motor ends are 750 rpm and 900 
rpm, respectively, it was necessary, in meeting 


_ the stress requirements, to use different dimensions, 


\ 


peripheral speeds, proportions, and quality of ma- 
terials in the construction of the rotors. 

In designing the frequency converter, special con- 
sideration was given to the problems of shipping, 
erection, and maintenance. It is particularly de- 
sirable that hydrogen cooled: machines be built and 
assembled at the manufacturer’s works, so that the 
necessary tests and corrective changes, if needed, can 
be made to insure that the housing structure is gas- 
tight and the leakage of hydrogen is kept to a mini- 
mum. In order to meet these requirements, the 
housing structure of the complete unit was arranged 


in 6 cylindrical transverse main sections and 2 end- 


head sections. The frame members for the motor 
and generator elements are formed by 2 sections, and 
each of the remaining 4 sections houses a bearing, 
pedestal, and hydrogen cooler sections. Separate 
end-head members are provided to facilitate erection, 
inspection and maintenance, and dismantling opera- 
tions. The dimensions of the sections are such that 
each can be assembled with its associated apparatus 
and equipment, and shipped as a complete unit. A 
manhole is provided for each of the main and end- 
head sections, so that the internal parts readily can 
be inspected and maintained at any time. The end- 
heads are made dome-shaped in order to obtain 
maximum strength against internal pressures with 
the minimum weight of material. 

The frequency converter unit is designed for out- 
door operation, and when installed it will have the 


_ general appearance of figure 2. 


The increasing use of high frequency energy for 
induction furnace applications offers another possi- 
bility for the hydrogen cooled frequency converter. 
For the ratings now required for this application, the 
most economical speed is 3,600 rpm. The cheapest 
set consists of a squirrel cage induction motor driving 
an inductor-type single-phase generator. Since net- 


- ther element requires collector rings, this is the sim- 


plest and most suitable type of equipment for hydro- 
gen cooling Hydrogen cooling of the high frequency 
converter would result in an increase in efficiency, 
reduced weights and dimensions, and reduced main- 
tenance of the unit. Such frequency converters 
could be operated at a relatively high internal gas 
pressure, and the pressure could be permitted to vary 
over a relatively wide range. The only coutrol 
equipment required would be a pressure gauge pro- 
vided with high and low pressure alarm relay con- 
tacts. The need for the addition of hydrogen would 
be infrequent, and it could be introduced through 
valves operated either manually or automatically. 


TURBINE GENERATORS 


Interest in the application of high-temperature 
high-pressure turbines superimposed on existing 
generating units has increased rapidly during the 
past few years. This type of steam turbine is easier 
to build for a speed of 3,600 rpm than for a speed of 
1,800 rpm, because smaller masses and dimensions 
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Fig. 4. End view 
of the housing of 
60,000 kva fre- 
quency converter, 
showing a part of 
the control wir- 
ing and piping 


can be used. As a result, development of this type 
of turbine has made it necessary to build 3,600 rpm 
generators for ratings much larger than previously 
were considered feasible. The largest 3,600 rpm 
turbine generator unit now in service in the United 
States is rated at 22,500 kva, 18,000 kw at 0.8 power 
factor. Careful analysis of fundamental test data 
and operating experience, and a concentrated effort 
to co-ordinate properly the proportions of both 
active and structural parts and to utilize materials 
more effectively, have made it feasible to build air 
cooled 3,600 rpm generators for ratings up to 62,500 
kva, 50,000 kw at 0.8 power factor, which will be 
comparable in cost and reliability with similar large 
1,800 rpm units. The rotor of a large 3,600 rpm 
generator necessarily operates at very high peri- 
pheral speeds; consequently, the windage, friction, 
and ventilation losses are inherently high, and they 
form a large proportion of the total losses. It is 
apparent that the 3,600 rpm turbine generator offers 
the greatest possibilities for reduction in losses when 
using hydrogen as the cooling medium. 

One of the first turbine generators designed for, 
and operated with, hydrogen cooling was rated at 
9,375 kva, 0.8 power factor and 3,600 rpm. This 
machine was built by the Westinghouse Company 
and was described by M. D. Ross.' Until the latter 
part of 1935 and the early part of 1936, however, no 
actual orders were placed for the construction of such 
machines. Outstanding among 3,600-rpm hydro- 
gen-cooled turbine generators recently purchased are 
the 58,725-kva, 50,000-kw, 0.85-power factor unit of 
the New York Edison Company and the 43,750-kva, 
35,000-kw, 0.80-power factor unit of the Union Gas 
and Electric Company, of Cincinnati, Ohio, and the 
50,000-kva, 0.90 and 1.0-power factor unit of the 
West Penn Power Company. Generators that have 
been built, or are being built, with ratings of 18,750 
kva or more, are listed in tables II and III. 


CONSTRUCTION PROBLEMS 
The only feature involved in the construction of 


hydrogen cooled turbine generators that is not 
common to synchronous condensers and frequency 


1. For all numbered references, see list at end of paper. 
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converters is the sealing gland between the end 
members of the stator housing and the rotor shaft 
ends. Oil is the most suitable liquid available at 
present for use as the sealing medium. The oil type 
of gland shown in figure 5 has been tried experi- 
mentally with success, and has been used on the 
9,375 kva hydrogen cooled turbine generator previ- 
ously mentioned, with satisfactory results. The 
gland consists of a housing mounted rigidly on the 
bearing support and attached flexibly to the station- 
ary end-housing parts. Annular grooves are pro- 
vided in the housing for segmental-spring supported 
sealing rings. The floating rings are not free to 
rotate, but are free to expand radially, and thus 
permit a film of oil to flow between their inner sur- 
faces and the shaft. Since minimum clearances are 
provided between the rings and the sides of the 
annular grooves in the housing, and are automati- 
cally maintained between the shaft and the rings, 
only a relatively small amount of oil is required to 
flow through the gland to provide adequate sealing. 
It is apparent that the oil passing through the gland 
acts as a mechanical vehicle for carrying hydrogen 
out of the housing and for carrying air into it. The 
magnitude of the exchange of gases depends upon the 
turbulence of the oil in contact with the gases. 
With the gland properly designed and constructed, 
and the flow of oil restricted to the requirements, a 
minimum amount of churning and foaming will occur. 

Actual experience has demonstrated that the 
lubricating system for the bearings can be used with 
minor modification to supply the gland oil, and will 
require the introduction of only a nominal amount of 
fresh hydrogen to maintain the desired gas density. 

In this class of machines, it is necessary to circu- 
late large quantities of oil through the bearings to 
dissipate the bearing losses. At present, the pur- 
chasers believe it advisable, although not necessary, 
to have the generator bearings accessible from the 
outside, for inspection, maintenance, or replacement, 
without removing the hydrogen from the enclosure. 
This makes it necessary for the sealing glands to be 
located between the bearing supports and the rotor 
body, which results in an increase in the length of the 
span between bearing centers. 

The rotors of 3,600 rpm generators, which are 
necessarily of relatively small diameter and great 


Table II—3,600 RPM Turbine Generators Manufactured 
by the Westinghouse Company 


Number Date 
Power Cooling of In- 
Kva Kw Factor Gas Units stalled Purchaser 
18,750....15,000. .0.8.... Air Soto re O80 . .Louisiana Steam 
7 Generating Corp. 
18;750....15,000..0.8.... Air eins eee CLOOT . . Virginia Public Serv- 
22,500....18,000..0.8.... Ai Babee 
22, Sees LS; ..0.8.... Air Popnlaa 5 RBH .. Public Service Elec. 


Se Gasa Com (News 2) 
. Connecticut Light & 
Power Co. 
-Union Gas & Elec. 
Co., Cincinnati, O. 


45,000. .0.9 
50,000. . . Hydrogen ....1....On order..West Peun Power 
50,000 Co. 


29,400....25,000. .0.85... Air 


43,750....35,000. .0.8....Hydrogen....1....On order. 


1.0 
58,725... .50,000..0.85...Hydrogen....1....On order..New York Edison 
Co. 


Fig. 5. Parts of oil type of sealing gland used on 
hydrogen cooled turbine generators 


length, operate above the first critical speed and 
below the next higher critical speed, corresponding 
to an S-shaped curve of rotor deflection. It is 
essential that the distance between bearing centers 
be kept as short as possible so that this second critical 
speed will be well: above the operating speed. It is 
feasible to build such generators, with hydrogen 
cooling for ratings up to 62,500 kva with internal 
blowers supported on the rotor shaft ends and the 
sealing glands located between the bearing supports 
and the rotor body. 

With the requirement that the bearings be ac- 
cessible from the outside, the gas coolers must be 
located at sections around the housing periphery. 
The dimensions and proportions of the coolers can be 
controlled so that the coolers can be placed at right 
angles to the axis of the machine, and built into the 
top portion of the main cylindrical housing. This 
arrangement provides for the maximum accessibility 
for cooler maintenance and replacement. Although 
drainage channels are provided to divert cooler 
leakage and condensation around the stator core to 
the bottom of the housing, it is desirable to take 
further precaution against tube failure and its conse- 
quences by using only pure water in the cooler. If 
such water is not available, it is preferred, though 
not absolutely necessary, that distilled water be cir- 
culated through the cooler tube and the heat energy 
from it be transferred to another source of water 
supply by means of a heat exchanger. 

For ratings greater than 62,500 kva, it will be 
necessary to omit the internal blower and place the 
sealing glands outside the bearing supports in order 
to obtain the minimum distance between bearing 
centers. With the present reliable performance 
record of high speed bearings, no particular difficulty 
should be experienced with the bearings placed inside 
the generator housing. A complete and reliable 
record of bearing performance can be obtained by 
means of remote indicating and recording instru- 
ments, and bearing replacements or maintenance 
will be required at infrequent intervals. The coolers 
may be located vertically or horizontally at the ends 
of the unit, and direct driven blowers may be used 
to circulate the gas. This arrangement automati- 
cally would produce an appreciable distance between 
the turbine and generator bearing supports at the 
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Table III—3,600 RPM Turbine Generators Manufactured 


by the General Electric Company 


Number 
Power Cooling of Date 
Kva Kw Factor Gas Units Installed Purchaser 
18,750. .15,000. .0.8.. Air ..1.. Being installed..Ford Motor Co., De- 
troit, Mich. 
25,000. .20,000. .0.8.. Air ..1..On order ..United Light & Power 
; Co., Chicago, Ill. 
31,250. .25,000. .0.8. . Air ..1..On order .-Public Service Co. of 
Colorado 
31,250. .25,000. .0.8.. Hydrogen. .1..On order ..Dayton (Ohio) Power 
& Light Co. 
50,000. .40,000. .0.8.. Hydrogen. .1..On order .. Appalachian Elec. Pwr. 


Co., Roanoke, Va. 


coupling, and would furnish a desirable shaft flexi- 
bility to permit the vertical displacement of the tur- 
bine bearing, due to high temperatures, without dis- 
turbing the division of the loading on the 2 respective 
bearings. 


LARGE 3,600 RPM GENERATORS 


Hydrogen cooling of 3,600 rpm turbine generators 
is of outstanding importance because of the present 
need for ratings larger than can be obtained with air 
cooling. Hydrogen cooling, together with its im- 
provement in cleanliness, introduces possibilities for 
making significant improvements in construction and 
ventilation. A development program that promises 
to increase materially the rotor ampere-turn output 
is in progress now. In order to utilize properly the 
expected increase in rotor output, it will be necessary 
to make intensive design studies and investigations 
to determine the actual mechanical, magnetic, elec- 
trical, and thermal conditions that exist in each in- 
cremental part of the machine under both full-load 
and no-load conditions. Gains resulting from im- 
provements in ventilation necessitate corresponding 
improvements in materials and design of the electric 
and magnetic circuits. 

With respect to the rotor, it is interesting that the 
physical properties of the alloy steel forgings have 
been improved materially, but their magnetic perme- 
ability is appreciably lower than the permeability 
obtained in steel forgings with poorer physical prop- 
erties. Although there has been a real improve- 
ment in the magnetic properties of sheet steel for use 
in building stator cores during the past decade, a 
further reduction in losses and an increase in perme- 
ability are desirable in order to permit higher working 
flux densities in the stator cores of hydrogen cooled 
machines. : 

An analysis of fundamental data obtained from 
time-temperature tests on actual machines has led 
to important changes in machine construction and 
has made it possible to determine the magnetic atid 
electrical characteristics of materials for structural 
parts. ‘get, 

The radial depth of the stator laminations back of 
the slots is determined by magnetic conditions. A 
study of the losses in the stationary parts revealed 
the fact that the flux density in the armature core 
back of the slots could not be increased materially 
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above the existing limits, because certain losses in 
the frame parts surrounding the core increase rapidly 
with increasing flux density. At high magnetic flux 
densities a certain portion of the flux traveled through 
the frame, causing a high loss in the solid iron ma- 
terial. Recent tests of armature lamination samples 
at high flux densities indicated that the hysteresis 
component of the Joss increased less rapidly near 
saturation density than at lower densities. Since 
it is possible to ventilate adequately the iron back of 
the slots, it was deemed desirable to find a way of 
designing the core for higher flux density and take 
advantage of the good properties of the iron without 
creating high losses in the frame. A copper damper 
winding of simple design was developed and applied 
on the frame of a 9,375 kva generator The damper 
winding consisted of copper straps, properly located 
with respect to the frame members under considera- 
tion, and short-circuited by a copper plate at each 
end of the core. Iron loss tests on this machine and 
on duplicate units without the frame damper winding 
indicated a reduction of 1/, in the iron loss at core 
flux densities suitable for modern machines. A 
satisfactory damper winding, as described here, will 
permit designs with higher core flux densities, and 
will resuit in more compact machines without a 
sacrifice in performance. 

On the basis of the present status of hydrogen 
cooling for 3,600 rpm turbine generators, machines 
rated as high as 75,000 kva, 0.8 power factor and 
with unity short-circuit ratio can be built, and from 
investigations in progress, it is expected that it will 
be feasible to build a machine of any rating that may 
be required in the immediate future. 
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Special Tests on 
Impulse Circuit Breakers 


A novel circuit arrangement that supplies a 
large current to a circuit breaker under test 
and then subjects the open terminals to a 
high recovery voltage has been used in 
testing the 2,500,000-kva 287.5-kv im- 
pulse oil circuit breakers built for the 
Boulder Dam-Los Angeles transmission 
line. A description of this arrangement, 
which makes available several times the ap- 
parent power of the testing apparatus, is 
given in this paper, together with oscillo- 
grams which show details of the arc extinc- 
tion process not previously known, and the 
results of a study of voltage distribution. 


By 
WILFRED F; SKEATS General Electric Co., 
MEMBER A.1.E.E. Schenectady, N. Y. 


ye UNIQUE construction and the 
positive and reliable interrupting characteristics of 
the 287.5 kv impulse oil circuit breakers for the 
transmission line from Boulder Dam to Los Angeles 
made it possible to supplement the conventional tests 
with tests made by means of a novel circuit arrange- 
ment simulating faithfully the conditions present in 
an interruption at several times the apparent power 
available at the testing plant. By means of this 
circuit one of the 2 interrupting units of a single 
pole was subjected to are currents as high as 8,300 
amperes up to the time of interruption, when a re- 
covery voltage of 132 kv was applied at a recovery 
rate of 2,500 volts per microsecond, and with the 
overshoot normally associated with circuit interrup- 
tion. The circuit is not generally applicable because 
of certain requirements of breaker performance, 
but it has proved very useful in testing breakers of 
the impulse type. 

The interrupting rating of this breaker is 5,000 
amperes at 287.5 kv, with 3 cycle operating time. 
The maximum voltage which is anticipated across 
one unit in the worst type of service operation, how- 
ever, is 146 kv. The test voltage was therefore 
within about 10 per cent of the maximum service 
voltage for the one unit. It was the highest avail- 


A paper recommended for publication by the A.I.E.E. committee on protective 
devices, and scheduled for discussion at the A.I.E.E. summer convention 
Pasadena, Calif., June 22-26, 1936. Manuscript submitted April 3 1936: 
released for publication April 30, 1936. ; 
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able at the testing plant with the circuit arrangement 
used. It was not possible to duplicate the most un- 
favorable timing relationships which may occur, but 
reasonable assurance that these can be handled satis- 
factorily is given by the fact that the maximum cur- 
rent interrupted was 66 per cent higher than the 
interrupting rating of the breaker. 

Several cathode ray oscillograms show the behavior 
of the breaker at contact separations on the border 
line for successful interruption. In such cases the 
arc path may break down several times in the course 
of the recovery transient although between break- 
downs it is a good insulator. 

A study of voltage distribution between the 2 sec- 
tions of the breaker in the course of a normal inter- 
ruption showed this distribution to be substantially 
in accordance with capacitance relationships. 


DESCRIPTION OF CIRCUIT BREAKER 


The 287.5 kv impulse type of oil circuit breaker 
for the Boulder Dam-Los Angeles transmission line 
has already been described! so that a very brief de- 
scription will suffice for the purpose of this paper. 

A single phase unit is shown in figure 1. The in- 
terrupting units are the 2 horizontal elements en- 
cased in porcelain at the top of the structure. A 
cross-sectional view of one of these elements is shown 
in figure 2. Each of these elements consists of a 
tube of molded insulation divided into 2 portions by 
a horizontal board placed slightly above the center 
line of the tube. This board seals off the 2 portions 
of the tube except for ports immediately above the 
contacts. One pair of contacts and a portion of the 
underside of the board are shown in figure 3. The 
moving contact is carried on a bridging member 
between 2 horizontal wooden rods suspended from 
the underside 
of the board, 
and contact 
motion is hori- 
zontal. The 
location of the 
ports directly 
above the break 
near the sta- 
tionary contact 
is shown in the 
figure. There 
are vde sich 
breaks in each 
horizontal ele- 
ment or 8in the 
complete single 
pole unit. At 
the time of 
opening of the 
contacts, the 
piston in the 


Fig.1. One pole 
of 287.5 kv im- 
pulse oil circuit 
breaker 
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_ large casting at the left of figure 2 places the oil below 


the board under pressure, which causes an upward 
blast of oil through the ports. This blast ex- 
tinguishes the arc. 


~ CONVENTIONAL TESTS OF INTERRUPTING CAPACITY 


The tests of a more or less standard nature on this 


_breaker have also been given in the previous paper 


and may be summarized briefly as follows: 


1. Tests on a complete single pole unit (8 breaks) up to: 
15 per cent of rated interrupting current at 264 kv; 
136 per cent of rated interrupting current at 44 kv; 
186 per cent of rated interrupting current at 22 kv. 

2. Tests on half of a single pole unit (4 breaks) up to: 
15 per cent of rated interrupting current at 264 kv; 
27 per cent of rated interrupting current at 154 kv. 
The nearest convenient approximation of 146 kv, the maxi- 
mum voltage anticipated across half of a single pole on the 
basis of voltage distribution by capacitance in the clearing of a 
3 phase ungrounded short circuit, was 154 ky. 

3. Tests on a single break up to: 
86 per cent of rated interrupting current at 44 kv; 
46 per cent of rated interrupting current at 110 kv. 
The maximum voltage anticipated across a single break in 
the clearing of a 3 phase ungrounded short circuit is 44 kv. 
The performance at 110 kv across one break was not entirely 
consistent, indicating that this is approximately the limit of 
the voltage which may be applied across one break. 


The justification of the rating of the breaker was 
based upon 2 lines of reasoning. In the first place, 
it has been shown? that in a breaker of the impulse 
type, ability to interrupt depends entirely upon the 
maintenance of oil velocity, properly directed, in 
the neighborhood of the are. In these tests the oil 
velocity has been checked by careful measurements 
of piston velocity and found to be unaffected by 
current magnitude up to about 140 per cent of 
rated interrupting current, as shown in figure 4. 
Inasmuch as tests at voltages and recovery rates 
considerably beyond those required showed this 
velocity to be sufficient for their interruption, it is 
believed that the ability to clear the required 


OIL CONSERVATOR 
-MOVABLE CONTACT 
/ BAFFLE 


Fig. 3. Lower 
side of baffle 
showing con- 
tact and oper- 
ating rod as- 
sembly and 
entrance to 

ports 


voltage and recovery rate was present also up to at 
least 140 per cent of rated current, even though in 
tests at such currents it was not used. Moreover, 
inasmuch as the arc length and duration were nearly 
as great in the high current tests as in the high 
voltage tests, and since the test current considerably 
exceeded the rating, the mechanical stresses in the 
high current tests should exceed, by a reasonable 
margin of safety, those resulting from an interrup- 
tion of rated current at rated voltage. The breaker 
has therefore demonstrated its ability both to in- 
terrupt rated current at rated voltage and recovery 
rate and to withstand the mechanical stresses incident 
thereto. 

In the second place, the tests on a single break 
have demonstrated the ability of one break to inter- 
rupt practically full rated current at the voltage to 
be expected across the most severely stressed break 
in the worst type of service interruption, while tests 
up to 21/, times this voltage, with a moderate reduc- 
tion in current, indicate that a very wide factor of 
safety is present in this respect. 


Fig. 2. Cross section of 1 of the 2 interrupting units of a 
single pole breaker 
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Crrcurr For IncREASED KILOVOLT-AMPERES 
TO TEest INTERRUPTING CAPACITY 


Although the designers felt full confidence in the 
justification of the rating by the 2 methods described, 
particularly in view of the margin of safety evidenced 
by each, there appeared a third test procedure which 
more nearly approached the operating condition of 
applying rated interrupting current to the breaker 
and following it so rapidly as to give a high voltage 
recovery rate with full voltage across its terminals. 

The circuit for this test is shown in figure 5. Power 
is supplied from the generator, through reac- 
tors if it is desired to control the current by this 
means, to the low voltage winding of transformer 2. 
The windings of this transformer are arranged to 
deliver the current which it is desired to interrupt, 
which was obtained in this case at 44 kv. This 
transformer feeds current through the unit under 
test and an auxiliary unit in series. Connected 
across the terminals of transformer 2 is a winding of 
transformer 1 designed to operate at the same voltage. 
Transformer 1 then steps up this voltage to that at 
which the breaker is to be tested and this voltage is 
applied through a sphere gap to the point between 
the unit under test and the auxiliary unit. Thus the 
unit under test is subjected to the short-circuit 
current available from the testing plant at the voltage 
of transformer 2 and has applied, immediately after 
clearing, the voltage of transformer 1, which is several 
times as high. The resulting test duty corresponds 
to one at several times the power available from the 
testing plant on the conventional test basis. 

It will be observed that in order to be effective 
this testing scheme requires that the breaker under 
test and the auxiliary unit interrupt their circuits 
simultaneously. Moreover, interruption on either 
unit before the time of interruption of the second 
unit is greatly facilitated by the fact that the re- 
striking of the arc on the second unit also chops off 
the recovery characteristic on the first unit. It is 
therefore necessary that both the unit under test and 
the auxiliary unit have extremely positive interrupt- 
ing characteristics in the sense that they are capable 
of interrupting on one current zero against a very 
much higher recovery voltage than on the previous 
current zero. The time of interruption of the break- 
ers must also be subject to precise control in order to 
permit accurate synchronizing. These requirements 
prevent a genera] application of the scheme at the 
present time, but the positive performance of the 
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high voltage impulse breaker on its earliest tests 
made it appear that with this breaker the scheme 
could be successfully used. 

A convenient method of obtaining the precise syn- 
chronization of interruption by the 2 breaker units 
was furnished by the fact that live metal is normally 
exposed at the center of a single pole of this breaker, 
with identical units, one on either side, operated 
by a common mechanism. By making the inter- 
mediate connection to this point, half of the single 
pole breaker was made to serve as the unit under 
test with the other half as the auxiliary unit. This 
method of testing was desirable also from the stand- 
point that the maximum voltage which could be ob-- 
tained from transformer 1 was 132 kv, which com- 
pared favorably with 146 kv, the maximum antici- 
pated voltage across half of a single pole unit, but less 
favorably with the voltage to be anticipated across 
the entire pole.* 

The function of the sphere gap was concerned with 
precision control of synchronization. Each unit 
will, of course, accomplish the final interruption at a 
time when its current is instantaneously equal, very 
nearly, to zero, and these times will be very nearly 
the same for the 2 units provided no current flows 
into the intermediate point from the high voltage 
winding of transformer 1. Although under ideal 
conditions such current would not flow, it is evident 
that the are voltage of both units appears across the 
44 kv winding of transformer 1 and that this will 
cause current to flow in the high voltage winding of 
this transformer if the circuit through that winding 
is closed. The sphere gap, set at such a value as not 
to be broken down by arc voltage but to be readily 
broken down on the rise of the voltage recovery curve 
immediately after interruption, prevents current flow 
in this circuit during the short circuit, but makes the 
circuit available for application of voltage very 
promptly upon the cessation of short-circuit current. 


CATHODE Ray OSCILLOGRAPH EQUIPMENT 


In order to obtain complete data on the perform- 
ance both of the breaker and of the circuit, in addi- 
tion to the usual magnetic oscillograph equipment 


* The 146 kv which may appear across the terminals of one unit in service lies 
between +20 kv and +166 kv, so that the voltage distribution among its 4 
breaks will be somewhat worse than with the application of 146 ky across the 
unit with one terminal at ground potential, as in the present tests. On the 
basis of obtaining the same voltage across the most highly stressed break, a value 
of about 150 kv should be used. On this basis the voltage used in test was about 
12 per cent low instead of 9.6 per cent. 
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2 cathode ray oscillographs were employed, one to 
record the voltage to ground at the center casting of 
the breaker, which is the voltage across the unit 
under test, and the second for the most part to 
record the current through the unit under test, al- 
though it was used in some cases to record the 
voltage at the high voltage terminal of transformer 1. 

It was desired to obtain a sensitive record of the 
current so that its behavior in the neighborhood of 
current zero could be conveniently studied. For this 
purpose, recording electrostatically, it was necessary 
to limit the voltage applied to the oscillograph at the 
current crest for the sake of safety as well as to avoid 
generation of a high inphase voltage in the power 
circuits. To accomplish this, a shunt was used which 
consisted of 2 units in parallel; and ohmic shunt in 
the form of a water box in order to give a straight 
line characteristic in the neighborhood of zero cur- 
rent, and a unit of a material whose resistance de- 
pends upon the applied voltage in order to hold 
down the voltage at crest current to a safe value. 
An arrangement was developed which gave a cali- 
bration curve (figure 6) with a deviation of less than 
20 per cent from a straight line up to 40 amperes, 
applying 400 volts to the oscillograph deflection 
plates, but which was capable of passing 10,000 
amperes with an estimated drop of only about 2,500 
volts. As a precaution against the damage which 
might be caused by the flow of power currents inside 
the oscillograph house, a capacitor of about 1 micro- 
farad was placed in series with the leads to the os- 
cillograph just outside the oscillograph house. 

In order to avoid errors resulting from voltages 
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induced electromagnetically in the leads from the 
shunt to the deflection plates, a 10 turn coil was 
formed in these leads and so oriented as to induce a 
voltage opposite in sign to that induced in the re- 
mainder of the circuit. By this means the mutual 
inductance of the power circuit and the leads to the 
oscillograph was reduced to less than 5 microhen- 
ries, which would shift the record of a current passing 
through zero at a constant rate of change by only a 
half microsecond. This was sufficiently accurate for 
the current normally associated with the recovery 
transient, although breakdown of the circuit breaker 
gap brought about oscillations of very high frequency 
which were probably not correctly recorded. 


OSCILLOGRAMS OF CIRCUIT PERFORMANCE 


Figures 7 and 8 show cathode ray oscillograms ob- 
tained on this circuit and verifying its effectiveness 
in simulating an interruption at higher power. Figure 
7 was taken at °/, voltage or 99 kv. It shows a crest 
of 252 kv or 1.80 times normal crest appearing 144 
microseconds after current zero, giving a voltage re- 
covery rate of 1,750 volts per microsecond. Figure 8 
was taken at full voltage, and the recovery oscilla- 
tion was interrupted at 290 kv by the lightning ar- 
rester after 113 microseconds, corresponding to a re- 
covery rate of 2,600 volts per microsecond. 

In both of these figures, the curve of current as it 
approached zero on the last half cycle is shown. The 
apparent flat top form of the wave is caused by the 
bending of the calibration curve which has already 
been explained. It will be noted that the current 
ceases abruptly upon reaching zero, evidencing no 
conduction in the reverse direction. 

In these 2 cases, the form of the curve of voltage 
rise across the unit under test was much the same. 
At current zero there was a negative voltage corre- 
sponding to the are voltage. For a brief time after 
current zero, there was a slow rise caused presum- 
ably by power transmitted through the capacitance of 
the sphere gap. An abrupt rise in voltage then 
folldwed, caused by breakdown of the sphere gap, 
and from that time on the rate of rise was moderately 
rapid, keeping pace with the voltage at the trans- 
former terminal. 

Figure 9 shows a slightly different type of voltage 
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rise. Here the arc voltage rose high enough just 
before current zero to break down the gap with the 
result that there was no break in the rising portion 
of the voltage recovery curve. 

Figure 10 shows a typical magnetic oscillogram. 
Its appearance conforms in every way with that 
corresponding to the condition which this test is in- 
tended to simulate, except for the breaks in the curve 
of voltage across the unit under test. These breaks 
appear because the voltage was supplied to the 
center point through a sphere gap, and the current 
through the gap was not at all times sufficient to 
maintain a good circuit. There seems to be no reason 
to believe, however, that a broken curve of this type 
should be less severe upon the breaker than a smooth 
sine wave provided the same crest values are main- 
tained, which is in general the case. 


ANALYSIS OF PERFORMANCE AT CURRENT ZERO 


Current zeros during the arcing period may be 
divided into 5 groups in accordance with the be- 


havior of the arcs at the current zero. These groups 
are: 


1s Both arcs restrike. In this case, there is a subsequent current 
zero which falls in one of the other groups. 


2. One arc restrikes, but not both. If the arc restrikes in the unit 
under test, a failure to clear at the existing contact separation is 
indicated. If it is the other arc which restrikes, the test should in 
general be regarded as inconclusive, but in this particular case, inas- 
much as the 2 units were duplicates and operated simultaneously 
under conditions not greatly different, such tests may be considered 


in a same category as those in which the arc restruck in the test 
unit. : 


3. Both arcs clear, but the auxiliary unit slightly ahead of the test untt. 
This is caused by breakdown of the gap at the start of or during 
the last loop of current. In this case, the current flowing in the test 
unit at the time of interruption decays to zero much more slowly 
than the normal rate, as shown by the oscillogram of figure 11. 
There is also some loss of current in the last loop on account of that 
drained by the 44 kv winding of transformer 1. For these reasons, 


tests falling in this group are considered somewhat less conclusive 
than those of group 5. 


4. Both arcs clear simultaneously but the gap fails to operate promptly. 
This occurred only once in the course of the 74 tests and was caused 
by high displacement of the current wave with a consequently low 
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amplitude of the voltage recovery oscillation. Such a test is, of f] 


course, of no value. 


5. Both arcs clear simultaneously and the gap operates promptly. . 
This is the desired performance and constitutes a valid test under + 
conditions of increased apparent power. 


RESULTS OF TESTS 


Seventy tests were made with the current supplied | 
at 44 kv and a potential of 132 kv applied at inter- . 
ruption, the current varying from 3,700 amperes to) 
5,700 amperes. Four more tests were taken on this ; 
same connection but with the excitation somewhat | 
reduced. For these 74 tests, figure 12 shows the: 
relative frequency of occurrence of cases belonging } 
to each of the 5 performance groups as a function of | 
contact separation. This figure shows that 49 tests, 
or 66 per cent of the total, fell in group 5, giving valid 
tests under conditions of increased apparent power. 

It is also shown that the borderline value between 
clearing and restriking of the arc (between group 2 
and group 5) is fixed within 0.1 inch at 0.9 inch per ' 
break, which is the same value as given by the con- 
ventional tests at 132 kv. 

These tests, therefore, firmly establish the ability | 
of one unit of the breaker to clear, without damage 
to itself, a current of 5,000 amperes at 132 kv with 
the same contact separation as that required in the 
tests within the capacity of the station on a con- 
ventional basis, and confirm the reasoning by means 
of which this ability was previously inferred. 

With a contact separation of 0.9 inch required for 
normal interruption, the fact that one unit interrupts 
when a current zero occurs at a contact separation of 
0.5 inch or more relieves the breaker somewhat in 
those tests which would normally produce the great- 
est arc lengths and so the greatest mechanical stress. 
Assurance that the distress will not be excessive in 
these cases must be obtained by increasing the cur- 
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Fig. 10. Magnetic oscillograms of test at 132 kv 
and 4,900 amperes 


Upper oscillogram: _A—Primary voltage of transformer 1; 
B—Short-circuit current; C—Cathode ray oscillograph 
excitation current 


Lower oscillogram: A—Voltage across test unit; B—Short- 
circuit current; C—Motion of operating rod, each step 
representing '/2 inch of travel; D—Total control current 
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rent to compensate for the difference in arc length. 
_ For this reason, a few tests were made with the 
current supplied at 22 kv and a potential of 132 kv 
applied at interruption. Although a smaller per- 
centage of valid tests was obtained with this con- 
nection than when current was supplied at 44 kv, 
as much as 8,300 amperes, or 166 per cent of the 
rated interrupting current, was cleared on such a test. 


BORDERLINE BEHAVIOR 


The records obtained offer an opportunity to in- 
vestigate the behavior of the breaker in the region 
of the limiting value of contact separation below 
which the arc will restrike for another loop. 

A case in this region is shown in figure 13, where 
it may be noted the voltage rose across the breaker 
terminals, broke down, and rose again several times 
before finally rising, passing through the recovery 
oscillation, and going into the steady state restored 
voltage. This type of behavior took place for the 
most part when the contact separation was only 
slightly in excess of the 0.9 inch per break required 
to clear, 90 per cent of the cases in which it was ob- 
served occurring with a contact separation of 1.2 inch 
or less. On the other side of the borderline, the per- 
formance started out in the same way, but instead of 
the recovery oscillation being finally completed, the 
voltage dropped to zero and another half cycle of 
short-circuit current took place. 

It may be noted from the current shown in figure 13 
that an oscillation at very high frequency and in- 
volving high currents takes place at the time of each 
breakdown of the gap inside the breaker. This is an 
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Fig. 13. Cath- 
ode ray oscil- 
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oscillation over a circuit comprising only the capaci- 
tance connected to the high voltage terminal of the 
breaker and the inductance of the circuit through the 
breaker to ground, the high values of current and 


frequency resulting from the fact that the inductance, 


as well as the capacitance, is very low. The shift in 
the zero line of the current curve following each of 
these oscillations is believed to result from the oscillo- 
graph circuit rather than to represent behavior of the 
current through the breaker. 

This type of behavior sets this breaker off from 
those in which conduction during the recovery 
transient has been observed previously. It suggests 
that the mechanism of interruption is different in the 
2, perhaps that the plain break interrupts by de- 
ionization, whereas the impulse type operates by 
interposition of dielectric. The rise and compara- 
tively gradual decay of currents of several amperes 
is more compatible with a process of deionization 
than with one of interposition of dielectric; but a 
sudden breakdown resulting in a low resistance path 
which permits an oscillation of very high frequency 
that is interrupted when it is partially damped out 
appears to be more consistent with interruption by 
the interposition of dielectric. In the borderline 
case, then, the rate of interposition would be not 
quite sufficient to avoid breakdown completely; 
an oscillatory breakdown, however, would provide 
current zeros on which subsequent interruptions 
could take place, and a breakdown of short duration 
would create only a small conducting hole in the 
interposed insulation which would be refilled rapidly 
by the same agencies which interposed the dielectric 
in the first place. 


DETERMINATION OF VOLTAGE DISTRIBUTION 


Several cathode ray oscillograms have been taken 
which show the voltage distribution between the 2 
sections of the high voltage impulse breaker inter- 
rupting a conventional 132 kv circuit. In order to 
obtain these oscillograms, the line from the high 
voltage transformer terminal was connected to one 
terminal of the breaker, the other being grounded, 
and connections were made from the high voltage 
terminal and from the exposed live metal at the top 
of the center column (the‘‘center casting’) to the 
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deflection plates of cathode ray oscillographs; thus 
one oscillograph measured the voltage across the 
entire breaker and the other the voltage across the 
section electrically adjacent to ground. 

On account of the capacitance to ground of the 
voltage divider and the lead connecting it to the 
center casting of the breaker, the capacitance dis- 
tribution in the breaker as tested was less favorable 
than the normal capacitance distribution of the 
breaker. In order to obtain records on an arrange- 
ment having moderately good potential distribution 
as well as on one having rather poor distribution, 
the grading shield at the upper joint of the middle 
porcelain column (see figure 1) was electrically con- 
nected to the high voltage terminal of the breaker 
and was raised about 15 inches above its normal 
position. Measurements of the potential distribu- 
tion of each arrangement were made by a potenti- 
ometer method with 30 kv at 60 cycles, applied to 
the high voltage terminal. This showed 18 per cent 
of the voltage across the ground side of the breaker 
with the unimproved arrangement and 33 per cent 
with the improved arrangement, as compared to 25 
per cent with no measuring equipment connected. 


THEORY OF VOLTAGE DISTRIBUTION 


It is commonly assumed that the distribution of 
voltage between breaks in a multibreak breaker is 
determined by capacitance relationships. Strictly 
speaking, this is true only of changes that take place 
after conduction in the ares has ceased. While the 
modifications produced by other factors are very 
often of a minor nature, they occasionally become of 
considerable importance; hence they are listed 
here in order that the extent of their effect in the 
oscillograms presented may be analyzed. These 
other factors may be classified as follows: 


I. Arc conduction during the recovery period 
(a). If considerable, this factor will determine distribution com- 


pletely; if very slight, it may only modify somewhat the ca- 
pacitance distribution. In most cases, this will tend to improve 
distribution. 


(b). It occasionally happens that one break becomes at least 
partially conducting, while another in series acts as a good insula- 
tor. In such a case the second break takes more than its share of 
the voltage, and in extreme cases carries the entire burden. 
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II. Arc voltage 


(a). The voltage distribution at the instant of current zero wili 
be determined by are voltages and will therefore tend to be 
even rather than in accordance with capacitance. Assuming this 
to be the case, any inequalities in capacitance distribution may be 
considerably exaggerated when transposed into instantaneous 
values of voltage distribution. Suppose for instance, that at tha 
instant of current zero a breaker has an arc voltage of —10 ky 
divided equally between 2 breaks and that at a time f; in the course 
of the recovery transient the voltage across the breaker rises tc 
+830 kv, a change of 40 kv. If the capacitance distribution ig 
90 to 10, the voltage change across the ground side break will be 
only 4 kv, and the distribution at time 4 will be 41 to 1; that is: 
one break will actually be more highly stressed than if the other 
break were not present. 


(b). The analysis given in (a) will, of course, be somewhat 
modified if the arc voltages are not equal, or if one of the arcs ig 
suddenly extinguished at a finite value of current. In the latter 
case, series arcs would, of course, be extinguished very quickly 
for lack of current, but this lack of current would not make itseifl 
felt until the voltage of the metal parts between the 2 arcs had beer 
modified by the passage of a charge through the second arc. 


There are 2 other considerations which must be 
borne in mind even when the voltage distribution is 
governed entirely by capacitance relationships. These 
are: 


1. The part of the total voltage appearing across each break is a 
function of the relative magnitude of the voltages at the 2 terminals 
of the breaker with respect to ground. The distribution figures 
usually stated apply to the worst case, that is, where one terminal of 
the breaker is at ground potential, and this case is probably closely: 
approximated by the vast majority of service operations. The other 
extreme is encountered when the voltages at the 2 terminals of the 
breaker are equal but of opposite polarity. In such a case, the poten- 
tial will be equally distributed in a symmetrical 2 break breaker 
and there will be some improvement in the distribution of a breaker 
with more than 2 breaks, although the distribution in the latter 
case may remain very poor. 


2. The capacitance relationships vary slightly with contact separa- 
tion, being somewhat more favorable when the contacts are only 
slightly separated than when the breaker is fully open. 


OSCILLOGRAMS OF VOLTAGE DISTRIBUTION 


Figure 14 shows a number of the oscillograms 
obtained on this test. Parts a and b apply to the 
arrangement with the poorer capacitance distribu- 
tion, and parts c and d to the improved arrangement. 
In all 4 cases, the most striking feature is the faith- 
fulness with which the details of the voltage at the 
breaker terminals are reproduced in the voltage at 
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Fig. 14. Cathode ray oscillograms showing voltage distribution between the 


2 sections of the breaker in conventional interruptions 
Capacitance ratio 18 per cent for a and b, 33 per cent for ¢ and d 
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the center casting. This in itself is presumptive evi- 
dence of voltage distribution in accordance with 
capacitance. 

Confirming this presumption, while there is 
evidence of modification due to several of the causes 
Jisted, measurements at voltage peaks and other 
‘points which lend themselves to this purpose show 
deviations from the capacitance ratio varying from 

practically zero to about 10 kv, or 51/, per cent of 


Transformer Circuit 
Impedance Calculations 


The purpose of this paper is to present a 
general method of impedance calculation 
equally applicable to all transformer cir- 
cuits and all construction types. An 
effort is made to show how the “circuit 
method” can be used and to prove some 
of the circuit properties and relations that 
are pertinent to the problems involved. 


By 
A. N. GARIN K. K. PALUEV 
ASSOCIATE A,I.E.E. MEMBER A.1.E.E. 


Both of the General Electric Co., Pittsfield, Mass. 


Sa eeee impedance is of 
fundamental importance in determining the per- 
formance of transformers. Recent advances in the 
art of transformer construction and the growing use 
of complicated circuits have necessitated, and in turn 
were made possible by, the introduction of new 
methods for calculating the short-circuit impedance. 


INTRODUCTION 


A general method for determining impedance of 
transformer circuits is presented in this paper. This 
method is applicable to all types of transformer 
circuits and to all types of transformer construction. 

Circuits with mutual impedances usually can he 
replaced by equivalent circuits without mutual im- 
pedances. Such equivalent circuits have been ade- 
quately described elsewhere;'”*? they are not par- 
A paper recommended for publication by the A.I.E.E. committee on electro- 
physics, and scheduled for discussion at the A.I.E.E. summer convention, 


Pasadena, Calif., June 22-26, 1936. Manuscript submitted April 3, 1936; 
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normal crest voltage. It may therefore be stated 
that on the breaker tested the capacitance ratio holds 
within a few kilovolts. 
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ticularly suitable for the purposes of, and will not 
be employed in, this paper. 

For the sake of generalization and completeness, 
basic formulas are expressed in terms of impedances, 
although it is recognized that in most of the cases 
dealt with in practice it is quite sufficient to calcu- 
late reactances rather than impedances of trans- 
former circuits. 

Field and Circuit Methods. A few years ago a 
typical transformer short-circuit reactance problem 
consisted of calculation of leakage reactance be- 
tween 2 windings only. 

The problem consisted essentially of determination 
of the reluctance of the leakage flux path and of the 
linkage of the flux with windings. In other words, 
the problem required the determination of effective 
leakage flux field. For its solution, therefore, the 
knowledge of turn distribution of both windings, 
and of dimensions of windings and core were neces- 
sary. 

Introduction of multiwinding transformers, load 
ratio control, and phase shift control into practice 
gave birth to many opportunities for the design and 
distribution of windings that would better perform 
the new operating functions, provided that react- 
ance between various windings and their parts could 
he calculated. 

It was found, however, that calculation of react- 
ances by the field method was too cumbersome in 
many cases, and often was absolutely impractical. 
Furthermore, the field method, of course, is entirely 
inapplicable to the calculation of effective reactance 
of a group of interconnected transformers, as, for 
example, used for some types of load ratio control. 

Therefore, for solutions of problems of such 
categories, the ‘circuit’? method, presented here, 
has been developed. Its use in transformer design 
department over a period of years has demonstrated 
its practical value. 

The circuit method consists of 3 steps: 

1. The actual complicated windings are subdivided into relatively 


simple parts or represented as the results of superposition of relatively 
simple, actual, and fictitious windings. ; 


2. Reactances between all parts of actual or fictitious windings are 
calculated by field method. 


3. The values so obtained are substituted in proper circuit formulas 
for securing the effective reactance at specified transformer terminals 
of actual windings. 


Formulas of the circuit method establish the rela- 
tion between the effective reactance at given trans- 
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former terminals and reactances, polarities, connec- 
tions, numbers of turns, and current phase of the 
interconnected parts of all windings. 

Generally the precise solution by field method, 
even of a relatively simple reactance problem, is 

uite laborious. On this account field method 
formulas contain semi-empirical constants which 
depend on transformer construction. However, cir- 
cuit-method formulas are mathematically exact, 
contain no empirical constants, and are independent 
of transformer construction. The circuit method 
allows the use of the field method to be limited to 
calculation of reactance between the simple parts of 
windings where its highest accuracy is obtained. As 
final results are secured by putting these (relatively 
accurate) values of component reactances into pre- 
cise formulas of the circuit method, the accuracy 
of the final answer in many cases is considerably 
bettered. 

From the designer’s point of view, the circuit 
method has the following other advantages. 

For any change in connections or turn distribution 
between parts of windings, a complete new calcula- 
tion must be performed where the field method is 
employed, even where physical dimensions of wind- 
ings are not affected. When in such cases, the 
circuit method is used the only change is in the 
choice of formulas or even only in the coefficients of 
the formulas. 

The turn distribution giving the minimum react- 
ance for a given configuration and dimensions of 
windings can easily be obtained from reactance for- 
mulas of the circuit method. 

The 2 components of impedance (resistance and 
reactance) usually are dealt with independently in 
transformer calculations. Inasmuch as in most 
cases they are of a different order of magnitude, no 
appreciable error is introduced by this simplifica- 
tion, even when such treatment is incorrect theo- 
retically. Physically, resistance and reactance may 
have very little in common. In the field methods of 
solution they retain their reciprocal aloofness. 
In the circuit methods the introduction of the con- 
cept of impedance, considered as a complex quan- 
tity, permits operation with both components 
simultaneously, whenever desired. 

Lypes of Transformer Circuits. The great variety 
of transformer circuits encountered in practice will 
be appreciated better from the following, more or 
less natural, classification: 


1. By the number of phases, transformer circuits can be divided 
into single phase and polyphase circuits. The polyphase circuits 
can be subdivided further into symmetrical and unsymmetrical 
circuits. In polyphase circuits, transformers can be either of single 
phase or of polyphase construction. Ordinarily the number of elec- 
trical phases and magnetic phases (whether obtained by single phase 
or polyphase transformers) is the same, but there are circuits in 
which the number of electrical phases is different from the number 
of magnetic phases. When the number of electrical and magnetic 
phases is the same they usually coincide; that is each electrical phase 
is restricted to a single magnetic phase. There are circuits, however, 
in which electrical and magnetic phases do not coincide. This hap- 
pens usually when the number of electrical phases is different from 
the number of magnetic phases, as in various phase transformation 
connections; but it may happen even when the number of electrical 
and magnetic phases is the same, as for instance in zigzag, extended 
delta, and other connections. The term phase interconnection will 
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be used to describe circuits in which electrical and magnetic phases| 
do not coincide. 

2. By the number of transformers contained, circuits can be di-, 
vided into single and multitransformer circuits. 


3. By winding connections, circuits located on each magnetic phase: 
of each transformer may be classified as belonging to one or more of { 
the following types: autotransformers, series, multiple, coupling, , 
off-ratio, phase interconnection. Many complicated circuits can be» 
resolved into the fundamental types, listed above, in more than one # 
way; there are circuits, moreover, that do not belong clearly to any7 
one of these types. 


The classification of circuits just given will not be: 
used as the basis for calculation, since the method | 


presented here has the important advantage of being ; 
equally applicable to all types of transformer circuits. | 


Some BASIC PROPERTIES OF CIRCUITS 


A discussion of some fundamental properties of © 
circuits in general will be helpful. Only a rather» 
special and a very simple type of circuit need be 
considered; namely, a passive static circuit of con- 
stant bilateral parameters. Moreover, only the 
steady state condition under single frequency excita- 
tion need be considered. 

Within these restrictions, the circuit may be of 
any degree of complexity and may be represented by 
the general network of figure 4, having any number 
of excited terminals connected by branches possessing _ 
not only self- but also mutual impedances of resistive, 
reactive, and capacitative type. 


1. Conservation of Power and Reactive Volt- 
Amperes. Let us define the power and reactive volt- 
amperes as the readings of a wattmeter and a reac- 
tive volt-ampere meter, respectively. If readings of 
these meters are taken for all the terminals and all 
the branches of the network of figure 4, then as 
shown in appendix I: 


The sum of power (or reactive) volt-amperes at external terminals 
of a network is equal to the sum of power (or reactive) volt-amperes 
in the branches of the network. 


It follows that any complicated network can be 
subdivided, for convenience of calculation, into a 
number of subnetworks and the total power and 
reactive volt-ampere input obtained as the sum of 
power and reactive volt-ampere inputs to separate 
subnetworks. This method of calculation is par- 
ticularly convenient when the network can be sub- 
divided into subnetworks without mutual imped- 
ances between them (‘‘Independent”’ subnetworks). 

The voltages impressed on the terminals of the 
network of figure 4 are restricted in no way as to 
their relative phase angles. Thus, for instance, they 
may be the phase voltages of a polyphase system. 
The total power and reactive volt-ampere input 
may be expressed then as the sum of inputs to all 
phase terminals. Where the network is symmetrical 
with respect to the phase terminals and the im- 
pressed phase voltages are symmetrical, total power 
and reactive volt-ampere input obviously is given by 
the input to any one phase terminal multiplied by the 
number of phases. 

However, even when a polyphase network as 
viewed from its terminals is symmetrical, it does not 
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necessarily follow that it can be subdivided in such a 


gmanner that each phase has its own independent sub- 
metwork. 


_ 2. Relation Between Energy and Power and Reactive 
Volt-Amperes. Although it is sufficient for the pur- 
‘poses of this paper to consider the law of conserva- 
tion of power and reactive volt-amperes as simply a 
necessary formal consequence of Kirchhoff’s circuit 
laws, a “‘physical” interpretation may be helpful. 

No simple physical significance can be attached 
to the power and reactive volt-ampere input to one 
branch of the network, as in the presence of mutual 
impedances these values obviously depend on the 
currents of other branches. However, when the 
inputs to all branches are added together they give 
net input to the circuit. Similarly, no simple physi- 
cal interpretation can be given to the power and reac- 
tive volt-ampere input to one terminal of the net- 
work, as these values obviously depend on the zero 
reference potential. However, when the inputs to 
all terminals are added together, the result becomes 
independent of the reference potential and again gives 
the net input to the circuit. 

It is shown in appendix II that: 


‘1. Net power volt-ampere input to a network is equal to the 
average rate of energy dissipation in the network. 


2. Net reactive volt-ampere input to a network is equal to the 
difference between the average values ot electromagnetic and elec- 
trostatic energies stored in the network, multipled by twice the 
angular frequency. 


Thus the Jaw of conservation of power and reac- 
tive volt-amperes is not only analogous to the law of 
conservation of energy, but is actually its conse- 
‘quence. It is also clear now why the voltages im- 
pressed on the network were restricted to a single 
frequency. 


3. Input Volt-Amperes Due to Orthogonal Compo- 
nents of Currents. Total power and reactive volt- 
ampere input to a network can be expressed in terms 
of self- and mutual impedances of all branches and of 
currents in all branches (see appendix II). Gener- 
ally, the currents in various branches will be out of 
phase. If these currents are resolved into orthogo- 
nal components with respect to any arbitrary refer- 
ence phase, then as shown in appendix IIT: 

Total power (or reactive) volt-ampere input to a network is equal to 


the sum of power (or reactive) volt-ampere inputs calculated for the 
two orthogonal components of currents taken separately. 


Thus the calculation of volt-ampere input to 
a network carrying out-of-phase currents in its 
branches is reduced to a simpler calculation, re- 
peated twice, of volt-ampere input to the same net- 
work, but with all branch currents in phase. 


4. Current Flow in a Network. The equilibrium 
conditions of a network are given by the current 
and voltage laws of Kirchhoff. 

The number of branches that may be assigned 
arbitrary independent currents without violating 
the current law of Kirchhoff is known as the number 
of degrees of freedom of a network. With these 
currents assigned, the currents in all other branches 
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are determined by the current law of Kirchhoff, as 
sums and differences of independent branch cur- 
rents. Thus each independent branch current can 
be traced through a closed circuit within the network 
and becomes an independent mesh current. 

To determine the independent mesh currents the 
voltage law of Kirchhoff must be invoked. This 
could be done in the usual manner by writing the 
voltage equations for the closed circuits described 
by the independent mesh currents. This additional 
and separate procedure is, however, entirely unneces- 
sary. As shown in appendix IV, the power and 
reactive volt-ampere input formula itself contains 
the voltage law equations of Kirchhoff. These 
equations can be obtained in an explicit form by 
taking partial derivatives of the power and reactive 
components of the volt-ampere input formula with 
respect to the orthogonal components of independent 
mesh currents. 

If the power and reactive volt-ampere input to a 
network is denoted by 


P+ JO 


and the independent mesh current of mesh A is 
denoted by 


Lg = Ta pple 


the Kirchhoff voltage law equations for this mesh can 
be written as 


OP + IQ) a fOlP IQ) 
a) = 


0 (1) 


ola’ ol,” 
or 
oP ra) 
ose = 0 (2) 
Oli OlA 
oP ag 

= 0 

Ol Ola (3) 


The flow of currents in the network may be deter- 
mined, therefore, in terms of orthogonal components 
of independent mesh currents by forming equations 
1 or 2 and 3 for all independent mesh currents and 
solving the resultant system of simultaneous equa- 
tions. 

Equations 1 or 2 and 3 show that in a purely reac- 
tive 2-terminal network the flow of currents is such 
that the reactive volt-ampere input has its minimum 
possible value for a given input current. 


§. Relation Between Input Volt-Amperes and Im- 
pedance. For a 2-terminal network the relation be- 
tween the power and reactive volt-ampere input to 
the network and its impedance (‘‘driving point im- 
pedance” in circuit terminology) is given by the 
simple equation 


P+ jQ = (R+ 4X) |I|? (4) 


where (R + 7X) is the impedance and J is the effec- 
tive value of the input current. The same relation 
may be extended to symmetrical polyphase networks, 
using per-phase values of volt-ampere input, im- 
pedance, and current. 

With the exception of symmetrical polyphase net- 
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works, the unqualified term impedance becomes 
ambiguous when used for networks with more than 2 


input terminals. 


APPLICATION TO TRANSFORMER CIRCUITS 


All the properties and methods of calculation 
applicable to the general network as described, apply 
to networks consisting of several interconnected 
transformers or of several windings on the same core. 
A transformer network has, however, some peculiari- 
ties of its own that may be taken advantage of in 
calculating the flow of currents, the volt-ampere 
input, and the impedance. 

The expression volt-ampere input to a network was 
not likely to be misinterpreted. In what follows, 
the expression volt-ampere input to a transformer 
circuit or to a transformer must be given the same 
interpretation of net input, that is the difference be- 
tween the input and the output. 

There are no mutual impedances between windings 
placed on different cores. It is obvious, therefore, 
that in a transformer circuit each transformer forms 
an independent subcircuit. The total power and 
reactive volt-ampere input to the entire circuit is 
equal to the sum of power and reactive volt-ampere 
inputs to all transformers. Moreover, each magnetic 
phase of polyphase transformers forms an independent 
subcircuit, since the effects of mutual leakage flux 
can be neglected. Thus in polyphase transformer 
circuits with phase interconnections, magnetic 
phases of transformers, rather than electric phases 
of the circuit, are the natural basis of calculation. 

Since each magnetic phase of a polyphase trans- 
former is equivalent, for the purposes of this paper 
to a separate transformer, the word transformer 
will be used in what follows to designate both sepa- 
rate single phase transformers and separate magnetic 
phases of polyphase transformers. 

In a transformer circuit the transformer windings 
take the places of the branches of the general net- 
work. Neglecting the exciting current, the vector 
sum of ampere-turns of all windings on each trans- 
former must add up to zero. Thus, within a trans- 
former, in addition to the Kirchhoff current law 
there is an analogous ampere-turn balance law. 

The flow of currents in transformer circuits is 
not necessarily uniquely determined by the Kirchhoff 
current law and the ampere-turn balance law. In 
multiwinding transformers with some connections of 
windings the ampere-turns in only one winding may 
be given an arbitrary value, the ampere-turns in the 
remaining windings becoming fixed by the ampere- 
turn balance law. With other connections ampere- 
turns in several windings can be assigned arbitrary 
values without violating the ampere-turn balance 
law. By analogy with the general network, the 
number of windings that can have arbitrary indepen- 
dent ampere-turns without violating the ampere- 
turn balance law may be called the number of 
degrees of freedom. 

In transformers having a degree of freedom of 1, 
the distribution of ampere-turns among windings is 
completely determined by connections and the 
number of turns in various windings and is inde- 
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pendent of impedances. In transformers of ai 
higher number of degrees of freedom the distributior 
of ampere-turns among windings depends on imi 
pedances, and can be determined by the same 
method as the flow of currents in the general network: 

Tracing the flow of currents and the subsequent 
calculation of the circuit are facilitated by abandona 
ing the volt-ampere-ohm system of units in favon 
of the per-unit system. Taking an arbitrary num4 
ber of volt-amperes as reference volt-amperes, the 
per-unit value of current for every part of the circuit 
is found as follows: 


Let 
(Reference Volt-Amperes) = (No-Load Voltage) (Reference Current) 
(53 


(Actual Volt-Amperes) = (No-Load Voltage) (Actual Current) (63 


Then 


(Actual Current) _ 
(Reference Current) vi 
(Actual Volt-Amperes) 
(Reference Volt-Amperes) 


(Per-Unit Current) = 


Gi 


Equation 7 is a general relation applying for 
transformer circuits of any complexity. For every: 
transformer the ratio of volt-amperes of the right- 
hand side of equation 7 may be replaced by the 
corresponding ratio of ampere-turns, since the no- 
load volts per turn have the same value for all wind- 
ings on one core. For every series-connected circuit 
on one transformer the ratio of ampere-turns may be 
replaced by the corresponding ratio of turns, since 
the same amperes must flow in all parts of the circuit. 

With self- and mutual impedances of windings, 
as well as currents, expressed in the per-unit system 
the power and reactive input to a transformer circuit 
will also be expressed in per-unit, based on the 
same reference volt-amperes. Equation 4 then will 
give the impedance of the circuit in the per-unit 
system, based on the same reference volt-amperes. 
In practice, the rated kilovolt-amperes of the circuit 
(rated kilovolt-amperes per phase in symmetrical 
polyphase circuits) is usually taken as the reference 
volt-amperes. Where the input current is taken as 
unity, equation 4 becomes: 


P+jQ = R+4X, ) (8 


that is, per-unit power and reactive input is equal to 
per-unit impedance. 

In transformers, short-circuit impedance between 
2 windings can be both calculated and tested with 
greater accuracy and ease than the self- and mutual 
impedances of windings. Moreover, while the self- 
and mutual impedances of windings are subject to 
saturation, the short-circuit impedance is not. For- 
tunately, a simple formula ties together the short- 
circuit, the self- and the mutual impedances of 2 
transformer windings. Utilizing this formula, the 
power and reactive input expression in terms of 
self- and mutual impedances of windings can be re- 
written in terms of short-circuit impedances of 
pairs of windings, as shown in appendix V. 
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Finally, if per cent instead of per-unit values of 
short-circuit impedances are used, the power and 
reactive input to the circuit and the impedance of 
the circuit will also be in per cent, all based on the 
same reference kilovolt-amperes. 


—_— 


CALCULATION OF IMPEDANCES 
OF TRANSFORMER CIRCUITS 


The procedure to be followed in calculating the 


impedance of transformer circuits may be outlined as 
follows: 


1. Draw a complete diagram of the circuit, including all phases if 
the circuit is polyphase. In a symmetrical polyphase circuit the 
calculation may be limited to one transformer out of every bank of 
transformers. 


2. Select the reference kilovolt-amperes on which to base the 
calculation. Usually the rated kilovolt-amperes per phase of the 
circuit is taken as reference and the input current is taken as unity. 


8. Utilizing the Kirchhoff current law and the ampere-turn balance 
law trace the flow of input current through the network, indicating 
the direction of flow in every winding. If the circuit is of degree of 
freedom 1, the per-unit values of current in all windings of all 
transformers are immediately ascertainable by equation 7. In the 
absence of phase interconnections the currents in all windings of 
every transformer will be in phase or in phase opposition. The phase 
displacement between currents in different transformers of a group, 
such as may be caused by Y/A connections, need not be taken into 
account. In transformers containing phase interconnections the 
currents in windings will be out of phase with respect to one another 
and must be resolved into orthogonal components. The reference 
vector is arbitrary, but it usually is convenient to resolve currents 


c (a- b) 


(a +c)(b+ @) 


c 


in all windings into “in-phase” and ‘‘quadrature’”’ components with 
respect to the input current to the transformer. 


4. Where the circuit is of several degrees of freedom the currents 
that cannot be ascertained by the Kirchhoff current law and the 
ampere-turn balance law are denoted by algebraic symbols represent- 
ing the yet undetermined per-unit values of currents. Each current 
must be denoted by 2 symbols to represent its 2 orthogonal com- 
ponents, except that in circuits of negligible resistance without phase 
interconnections the currents in all windings of every transformer 
will be in phase or in phase opposition, so that the second symbol is 
superfluous. Where it is used, however, correct answer will be 
obtained just the same. 

Occasionally the circuit for which the impedance is to be determined 
contains isolated closed circuits. The safe procedure is always to 
assume that currents flow in these isolated circuits. 


5. Express the short-circuit impedances of all pairs of windings 
of each transformer in per cent, based on the reference kilovolt- 
amperes selected under item 2 of this list. The conversion formula 
from ohms to per cent is: 


1 (Ohms) (Reference Kva) 
10 (Kv)? 


Where Kv = no-load voltage in kilovolts of winding at the terminals 
of which the impedance in ohms was determined. 

Equation 9 shows that the per cent value of impedance is directly 
proportional to the reference kilovolt-amperes and inversely propor- 
tional to the square of excitation on transformer. This is, therefore, 
the rule for converting to the desired basis per cent impedance 
values when given on a different basis. In some circuits transformers 
are used at excitation differing from their normal excitation. In 
such cases it is essential to verify that the same value of voltage has 
been used in determining the per-unit current and the per cent 
impedance. 


Perce Za— 


(9) 


6. Find the power and reactive input to each transformer in the 


circuit as the sum of inputs due to the 2 orthogonal components of 


Fig. 1. Transformer circuits; one transformer; number of degrees of freedom = 1 


A—Series connected winding; B—Fictitious winding; C—‘‘Fork’’ autotransformer; D—Off-ratio connected windings; E—Y/zigzag transformer 
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currents. For each component the input is obtained as follows (see 


equation E4 of appendix V): pe 
Multiply the short-circuit impedance for each pair of windings by the 
currents in the 2 windings, thus forming m(n — 1)/2 triple pr oducts 
for an n-winding transformer. Assign plus sign to products in which 
the 2 currents have opposite directions and minus sign to products 
in which the 2 currents have the same direction. Calculate the 


sum of the products. 


7. Find the impedance of the complete circuit by taking the sum 
of power and reactive inputs to all transformers. For circuits of 
degree of freedom 1, this is the complete solution. 

8. For circuits of several degrees of freedom the expression obtained 
under item 7 contains one or more undetermined currents and cannot 
be evaluated numerically until these currents have been determined. 
Find these currents by solving the system of simultaneous equations 
obtained by writing equations 1, or 2 and 3 for all undetermined 
currents. In circuits of negligible resistance this is equivalent to 
finding the current distribution giving the minimum reactance. 


The procedure described in the foregoing list of 
items gives the power and reactive input to a trans- 
former circuit; it can be used, therefore, equally 
well when the term impedance does not apply. 
The rules given appear complicated and may suggest 
that the calculation itself is lengthy and involved. 
This mistaken impression will be corrected by a study 
of the following examples. 


ILLUSTRATIVE EXAMPLES 


The technique of application of the general method 
of calculation of impedance of transformer circuits is 
illustrated by the following examples. Simple cir- 
cuits of representative types have been selected, 
as circuits of greater complexity are solved by ex- 
‘actly the same procedure. It should be remembered 
that in practice resistances can usually be neglected; 
this greatly simplifies the calculation of circuits of 
several degrees of freedom. A further saving in 
time and effort will be obtained if calculations are 
performed, whenever possible, numerically rather 
than algebraically. 


1. One Transformer; Number of Degrees of Free- 
dom =1. Figure 1A shows a 2 winding transformer 
in which the secondary consists of 2 distinct wind- 
ings (2 and 3) connected in series. The ratio of 
turns in winding 2 to total secondary turns is p. 
The transformer is shown connected for impedance 
test. The impedance from the primary winding 1 
to the complete secondary winding is given by: 


4-2 = 1X pZy-2+1X (1 — p)Z-3 — p X (1 — P)Zo-s 


bZ1-2 + (1 — p)Zi-3 — p(l — p)Ze-3 


Impedance expressions for cases of primary and 
secondary each consisting of several windings con- 
nected in series are obtained with equal ease. 

Figure 15 is an example of the use of fictitious 
windings. Assume that reactance between wind- 
ings 1 and 2, shown in cross section and diagram- 
matically, is difficult to calculate by ‘“‘field’”’ methods 
because of the unsymmetrical location of winding 2 
with respect to winding 1. If a fictitious winding 3, 
a duplicate of winding 2, is placed on top of winding 2 
and is connected in series with it, it often is possible 
to calculate by ‘“‘field’’ methods both the reactance 
X}-23 from winding 1 to windings 2 and 3, connected 
in series, and the reactance X,_, between winding 2 


(10) 
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and 3. Then to find the reactance X;-, between th? 
actual windings: 


X 1-23 = 1/.X 1-2 te 1/,X 1-3 ea! 1/4Xo—3 
= X12 — 1/4Xo-3 i 
Xi2 = Xy-23 + 1/4X2~-3 (iL. 


Figure 1C shows a so-called ‘‘fork’’ autotranss 
former, that is an autotransformer with 2 series wind: 
ings A and B and one common winding C, connectec 
for the impedance test. Let the turns in these 
windings be a, b, and c, respectively. In terms 0: 
line kilovolt-amperes taken as unity the kilovoltt 
amperes in the windings are as shown on the figure: 
The effective impedance introduced in the system; 
by the ‘‘fork’’ autotransformer is given, therefore: 
by: ) 

a c(a — b) a b 
fas hs a+ EET ICG GN fae +eceb+e 
b c(a — b) 
Oi 6.(a.-F o)ibeeec) 


Lai = 


(12) 
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Figure 1D represents diagrammatically a load ratic 
control transformer under excitation, but at no load! 

In load ratio ‘control transformers the process of 
tap changing under load always necessitates opera+ 
tion with windings of unequal turns connected 
in multiple. In some designs this connection is only 
a momentary condition, in others it is used for 
continuous operation. The physical arrangement 
of windings may be such as to conceal the presence of 
off-ratio connected windings, but their use is unavoid- 
able so long as the present methods of load ratio 
control are employed. : 

On figure 1D the winding equipped with load 
ratio control consists of 3 parts. The parts A and B, 
with turns a and 3b, respectively, are connected in 
multiple (off-ratio). The part C, containing c turns, 
is connected in series with A and 6. At no load 
with full voltage impressed on winding D a circulat- 
ing current will flow in windings A and B. The 
ampere-turns of A and 6 will be of opposite direc- 
tion and of different magnitude, the net ampere- 
turns will be reflected on the primary side, so that 
winding D will draw current from the line. This 
current will be practically wattless and will add 
directly to the exciting current of the transformer. 
For unit line current, the ampere-turns in windings 
A, B, D are as shown on the figure. The effective 
reactance limiting the no-load current, exclusive 
of the exciting current, is given, therefore, by: 


ab 


BO ot IgG Sue rae 
(hip a D-A D-B (a an by? 


—b a—b (13) 


AB 

Figure LE shows a Y/zigzag transformer on im- 
pedance test. By virtue of symmetry, only one 
magnetic phase need be considered. If the ampere- 
turns in winding 1 are taken as unity, the ampere- 
turns in windings 2 and 3 become as shown on the 
figure. The impedance is given, therefore, by: 


1 
[/2Zi-2 + /2Zi-3 — 1/4Zo-s] an 1p Z-3 
= Wol,-2 + '/2LZ1-3 — W/6Zo-3 (14) 


Impedance formulas for other connections involving 
phase interconnection such as, for instance, the ex- 


Zee = 
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tended delta, inscribed delta, and hexagon connec- 
tions, can be obtained in a similar manner. 


_ 2. One Transformer; Several Degrees of Freedom. 
Figure 2A shows a 3-winding transformer with 3 
Windings carrying simultaneous out-of-phase loads, 


as shown on the figure where the kilovolt-ampere 
load on winding 1 is taken as unity. The net power 
and reactive input to the primary is given by: 


P+j0 = pZi-s+(1 — p)Zr-2 — PCL — £)Z2-3 + GZe-s (15) 
So that the load losses in the transformer are 
P = pR-3 + (1 — p)R-2 — PL — p)Ro-3 + G?Ro-s (16) 


Frequently the ampere-turns of 2 windings of a 3 
winding transformer are in time quadrature. Wind- 
ing 2, for instance, may be the low voltage winding 
of a step-down transformer carrying a lagging power 
factor load, corrected to unity power factor by a 
synchronous condenser connected to the tertiary 
winding 3. In this case 


p = 0 
and consequently 


iP. at Ri-2 + @Ro-3 (17) 
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so that the load losses are the sum of losses in high 
voltage and low voltage windings due to unity power 
factor load and the losses in low voltage and tertiary 
windings due to zero power factor load. Only 2 
2-winding impedances must be known if this method 
of calculation is employed, while all 3 2-winding 


oi J 
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Transformer circuits; one transformer; 
several degrees of freedom 


Fig. 2. 


A—Three winding transformer 
B—Four winding transformer 
C—Transformer with coupling winding 
D—Y /delta/zigzag transformer 


impedances must be known if the standard equivalent 
circuit method is used. 

Consider the same transformer with winding 1 ex- 
cited and windings 2 and 3 simultaneously short- 
circuited. The effective impedance is given by: 
Zi-2//s = pZi-3 + (1 — p)Zi-2 — p(1 — p)Z2-3 + 9222-3 (18) 


where # and gq are to be determined from the simul- 
taneous equations: 


ORi—2//3 as OX \- 2//3 


19 
vs S, (19) 
ORi-2//3 | OX1-2//s 
= 0 20 
a ate 5 (20) 


Performing the partial differentiations indicated by 
these equations: 

Ree = Revd Cp Reve a0 (19a) 
2qR.-3 + Xi-s — Xi-2 + (26 — 1)X2-3 = 0 (20a) 
Wherefrom: 


yt Ro-3(Ri-2 + Ro-s — Ri-s) + Xo-3(Xi-2 + Xo-3 — Xi-3) 
2(R%»-3 + X%-3) 


(21) 


- Ro-3(X1-2 + X2-3 — Xi-3) — X2-3(Ri-2 + Ro-s — R-3) 
x 2(R-s? + X2~3?) 


(22) 


When resistances are negligible as compared to 
reactances: 


X1-2 + Xo-3 — X1-3 


p= OX, (21a) 
q=0 (22a) 
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However, if resistances are recognized as negligible, 
the calculation can be carried throughout in terms of 
reactances: 


Xi-2//s = pXi-3 + (1 — P)Xr-2 — pl — p)Xo-3 + g?X2-3 (18a) 


Where # and gq are to be determined from the simul- 
taneous equations: 


OX1-2//3 =e) (19b) 
op 

Sees. _ (20b) 
og 

that is: 

es — 21-2 + (26 — 1)Xo-s = 0 (19c) 

2qXo-3 = U0 (20c) 

Fig. 3. Transformer circuits; several transformers, 


one or more degrees of freedom 
A—Line-to-ground fault on a Y/Y/delta bank 


B—Load ratio control circuit 
C—Load phase control circuit 
D—Parallel operation of 2 3-winding transformers 
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Wherefrom: 


Xi-2 ar Xo~3 at Xi-3 


21a) 
Xn: (21a) 


p= 


aq = 0 (22a 


The impedance of a multiwinding transformer: 
having any number of windings excited and the 
remaining windings short-circuited can be deter- 
mined in a similar manner. Thus figure 26 shows ae 
4 winding transformer with winding 1 excited and 
windings 2, 3, 4 short-circuited. The general 
solution in terms of impedances can be carried out 
in the same manner as for the 3 winding transformen 
on figure 2A, except that the flow of currents will be; 
given now by 4 simultaneous equations. The cur- 
rents in the short-circuited windings will be found: 
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: 


fo contain quadrature components with respect to the 
orimary current. 


In practice, resistances usually can be neglected. 
On this basis: 


Xi-2//3//4 = aX1-2 + bX1-3 + (1 — a — d)X-, — abXo-3— 


al — a — b)X.-, — tl —a ~ 5)Xs-4 (23) 
where a and 0 are given by: 
DXi 2//3//4 
Sa => @) 
~ (24) 
DXi 2//3//4 
ma - 0 (25) 


The solution of these simultaneous equations gives: 
2X 3-4 X1-4 + Xo~4 — Xy~-2) — (Xan + X24 — Nos Xi at 
X3—4 ras Xi 3) 

4X >—4X3~4 —_ (Xo~4 ae X 3-4 <= Xo~3)? 


(26) 
2Xo—a(X1—4 + Xg-4 — X13) — (Xa + X45 — Xe-s(Xi-4 + 
Xe-4 — Xi-2) 
AX 4X 3-4 — (Xo-4 + Xs-4 — X2~s)? 


(27) 


Note that in addition to @ and 0 currents, quad- 
rature currents s and ¢ are permitted by the ampere- 
turn balance law. Since it is clear on physical 
grounds that in the absence of phase interconnections 
and resistance all currents must be in phase or in 
phase opposition, the reactance formula (23) may be 
written as shown omitting the contribution of quad- 
rature currents. If quadrature currents are in- 
cluded, the condition that Xj~e//3;;4 be minimum 
will reduce them to zero, as was found for X1~2,/3 of 
the 3 winding transformer. 

Figure 2C shows a transformer with a primary 
winding 1, a secondary winding 2, and a coupling 
winding consisting of equal turn coils 3 and 4 con- 
nected in parallel. On impedance test, the effective 
impedance is given by: 


Z1-2(3//4) = Zi-2z — P(Zi-3 + Ze-4 — Zia — Zo-3) + 
: (p? ae Q’)Z2 4 


If the solution is carried out in complex notation 
throughout, p and g are given by: 


(28) 


Zi 2(3//2) ae poo 
op og 
that is: 


= 0 (29) 


QpZs-4 — (Zi-3 + Zo-4 — Zi-4 — Zo-3) + 2jqZ3-4 = O 
Wherefrom: 


Zi-3 + Zo-4 — LZi-4 — Zo-s 


(30) 
223-4 


P+ ig = 


Equations 28 and 30 taken together give a com- 
plete solution of the circuit. The algebraic substitu- 
tion of equation 30 into equation 28 may be per- 
formed as follows: 


b= 5[(p +a) + (6 — 39) 


bir 


P+@ = (b+ jnlb — 59) 


Ls) 
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and (p — jg) is obtained by replacing all impedances 
in equation 30 by their conjugates. The result of the 
algebraic substitution is the final formula: 


(Zi-3 + Lo-4 =< Zi-4 77 Z2-3)” 
4Z3—4 
Zi-2 — (p + jg)?Zs-4 


When resistances are negligible the quadrature com- 
ponent of the current circulating in the coupling 
winding disappears, as shown by equation 30, and 
as in previous examples the currents in all windings 
are either in phase or in phase opposition. 

Impedance formulas for transformers with several 
coupling windings and with coupling windings con- 
sisting of more than 2 coils can be obtained in a 
similar manner. 

Figure 2D shows a Y/A/zigzag transformer. 
The Y connected winding is excited, the delta and 
zigzag windings are short-circuited. The 3 mag- 
netic phases are symmetrical. The windings and 
ampere-turns of one magnetic phase are shown on the 
figure. 

et: 


Z1- 2(3//4) = Z1-2 


(31) 


Zi 


1 1 
3 (Za-c + Zp-c) — & Za-B 


iene 1 
Le (en ar 4a) = 6 ZA-B 


Z3 = Zi ar Z> ah Zp-¢c 

1 
Zs, = 2/3 (Za-p + Ze-c — Za-c — Zp-p) 
Then the effective impedance is given by: 
Z= 24, -— '23 7 dat (P+ qQ)Zo (32) 
Where p and gq have the values determined by: 
oF je ia ZZ. Ap ejay = 0 
== i = 5 = 
Spt dq 3 jZs lp + jg 
that is: 

Ae ye 
Dan wea oe oz an (33) 
Substituting equation 33 into equation 32 
Ze + Ze 

Z Dongen (34) 


Wherever double signs appear in these equations 
the upper sign applies for phase rotation shown on 
figure 2D. If any 2 leads from the generator to the 
Y connected winding are interchanged the phase rota- 
tion will be reversed. On figure 2D the Y will retain 
its present appearance, the delta and the zigzag will 
be reversed, and wherever double signs appear in 
the above equations the lower sign will apply. 
Thus the current flow in short-circuited windings 
changes when phase rotation is reversed. This is 
characteristic of all phase interconnection circuits of 
several degrees of freedom. The effective imped- 
ance has the same value, regardless of phase rotation. 

Equation 33 shows that even when resistances are 
negligible the line currents of the 2 short-circuited 
windings are not in time quadrature with respect to 
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the open circuit Jine voltages of these windings but 
contain in phase components, equal and opposite 
in the 2 lines, and reversing with a reversal of phase 
rotation. This is also characteristic of all phase 
interconnection circuits of several degrees of free- 
dom. If, however, the presence of these in phase 
components is objectionable they may be made to 
disappear by a suitable arrangement of the wind- 
ings. For the circuit of figure 2D the required con- 


dition is: 


X= s (XA=p oe Xp-c — Xa-c — Xp-p) =0 (35) 


2/3 


3 Several Transformers; One or More Degrees of 
Freedom. Figure 3A shows a bank of 3-winding 
transformers. The high voltage winding is Y con- 
nected with neutral grounded, it is assumed to be 
disconnected from the line. The low voltage wind- 
ing is Y connected with isolated neutral, and is 
assumed to be connected to the system. The 
tertiary is delta connected and isolated from external 
circuits. A line-to-ground fault is assumed at one 
terminal of the high voltage winding. This is a 
circuit of degree of freedom 1. The ampere-turns 
in various windings are shown on figure 3A, where 
the fault current is taken as unity. On this basis: 


2 
Xep = [ Xu-n + 3Xu-1 ~ 5 Xt | + 


3 
| Xi-r | + 5% | (36) 


where brackets separate the contributions of the 3 
transformers. Ifthe 3 transformers are alike: 
2 1 
Xeg = 3 Xu-1 + 3 Xa-r (36a) 
Figure 3B shows a load ratio control circuit tying 
together systems 1 and 2 and consisting of a power 
transformer, an exciting transformer, and a series 
transformer. The power transformer is a 3-winding 
unit, with primary winding A, secondary winding B, 
connected in series with the high voltage winding 
of the series transformer, and tertiary winding C, 
providing excitation for the exciting transformer. 
The exciting transformer is shown connected to 
give pX100 per cent ‘“‘boost’”’ to the secondary 
voltage. The number of degrees of freedom is 1 
and the kilovolt-amperes in all windings are shown 
on the figure in terms of the system kilovolt-amperes. 
The over-all reactance from system 1 to system 2 is 
given by: 


1 Pp p 
Mee Xe = 
a [rere ATA, appa atte |t 
PEENG BS \ 

(ey) ae +(e) Xs (37) 
Where Xz is the reactance of the exciting transfor- 
mer on this particular tap and Xs is the reactance 
of the series transformer at excitation correspond- 
ing to this particular tap. Equation 37 shows that 


over-all reactance, including the exciting and the series 
transformers, may be smaller than the reactance 
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{ 
| 


between the primary and the secondary winding: 
of the power transformer. 

Figure 3C shows a load phase control circuit tying 
together systems 1 and 2 and consisting of an exciting 
transformer and a series transformer. The exciting 
transformer is shown connected to introduce ¢ 
quadrature voltage of gX100 per cent of the line-to) 
neutral voltage. The number of degrees of freedom is 
1 and the kilovolt-amperes in all windings are showr. 
on the figure in terms of the system kilovolt-amperee 
per phase. The over-all reactance from system 1 tc 
system 2 is given by: 


ha 
Set chee (Xz + Xs) 
where X = is the reactance of the exciting transformer 
on this particular tap and X‘s is the reactance of the 
series transformer at excitation corresponding to thid 
particular tap. 

Figure 3D shows 2 3-winding transformers operat- 
ing in parallel. The load current division between 
the 2 transformers may be found as follows: 

Using the familiar 3-winding notation let : 


poe (38) 


1 1 

Za = 9 (24-8 + Za-c — Zp-c)| Za = 9 (Zo-b + Za-c — Zy-c) | 
1 1 

Zz = 5 (Za-8 + Zz-c —Za-c)| Zp) = 2 (Ze-p + Zp-c — Za—em! 
1 1 

Zo = 5 (24-0 + Ze-c — Za-s) Z¢ TgitZe-0 + Zy-¢ — Za-5) 


Then the total net power and reactive input to the 
2 transformers is given by: 


P+jQ=Z4+ [11 — 6)? + @Ze + (b? + 9%)Ze — 

2b'[Za + (1 — p)Ze] — 2c’'[Za + pZc] + 2b"GZ_ — 2c"qZo + 
2(b’c’ + b"c")[Z4 + Za] + (62 + 56")[Z4 + Zz + Ze + Zyl + 
(c’? + €")[Za + Zo + Ze + Z,] (39) 


Solving the simultaneous equations: 
OPO) ae LOC) 


ab’ REE Re 
o(P j o(P j 
( + 32) 187 ( ay) ae 
Oc Oc 


Currents in windings } and c are found to be: 
b = 
[Za + (1 — r)Zal(Za + Ze + Za + Ze) — [Za + rZel(Za + Za) 


(Za + Zp + Za + 2o)(Za + Ze + Za + Z<) — (Za + Za)? 
(40) 


C = 
[Za + 1Zo\Za + Zp + Za + Z,) — (Za + (1 —1)Zp] (Za + Za) 
(Z4+Ze8+ 24+ 2)(Z4+Zeo+2Z.+Z,) — (Za + Za)? 
(41) 


The currents in all other windings can now be 
determined from 7, b, and c. 

Equations 40 and 41 apply only for parallel opera- 
tion of 2. 3-winding transformers with Y or delta 
connected windings or in single phase systems. The 
somewhat more complicated formulas applying for 
parallel operation of transformers with phase inter- 
connections, as well as formulas for parallel opera- 
tion of any number of transformers having any 
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Fig. 4. General network 


A—Showing branch currents B—Showing mesh currents 


number of windings can be derived in exactly the 
same manner. 


Appendix I—Conservation of Power 
and Reactive Volt-Amperes‘ 


‘The eel enern relation 
P+j0 = Ef = (R4+jX) 


where f is the conjugate and |I| is the absolute value of J, gives the 
power and reactive volt-ampere input as it would be measured by a 
wattmeter and a reactive volt-ampere meter actuated by an effective 
voltage E and an effective current J. 

Consider a network of u points (figure 44) in which every point 
is connected to all other points so that the number of branches is 


|z|? (Al) 


u(u — 1) 

= SS = A2 
5 (A2) 
Assume this network to be a passive static network of constant bi- 
lateral parameters in steady state under single frequency excitation. 
All voltages and currents will be represented as complex quantities 


by their effective values. Assume potentials Vi, Vo... Vy applied 
toO-points 1,2, ... . athe corresponding currents entering the network 
being denoted by 4, J2...J,. As a special: case, Vi, Ve... Vu 


may be the phase voltages of a balanced u-phase system. 

The equilibrium condition of the network will be determined by 
the current and voltage laws of Kirchhoff. 

The current law permits us to write (replacing currents by their 
conjugates and observing that for any branch x the current entering 
point «x must be leaving point d): 


f, = egy Toy ad Tay ee Lu Sees ae AGEL, 
f, = JL IG: == Shp a She Sg ah — Tye 
I; = + Ls + Ts. — Lis mr foloat — Tus 
m= +te tle +1 eect Cyl 
a s 20a Len es fe. Dae ae elise ate 


Multiplying the first equation by Vi, the second by V2, etc., and add- 
ing: 


Vil, + Welle + ates + Vel — (V2 -- Vidhan = 2 Gs 
; (Vs = Vi) Las +...t (V3 - V2)Ls9 -+ etc. 


Let: 
V.— VY = E, = voltage across branch / 
i oa = i = current in branch / 
Then the above expression can be rewritten as 
A=upn l=n 
Vaty == ) Eyf, (A3) 
~>=1 t=1 
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Appendix II—Relation Between Power and 
Reactive Volt-Ampere Input and the Energy 


Dissipation and Storage*® 
Combining equation Al and A3 


Aj=u 7=n 
12 2 10) — Yh = Eyf, 
h=1 l=1 
Substituting 
kR=n 
E; aes > Zale 
k=1 


into equation Bl 


=n kR=n 
P+jQ= > Zelel 
l=1k=1 
l=n k=n 
ae 
t=1 k=1 


The expression 


(fel + fet) 


(B1) 


(B2) 


(B3) 


(Ret + jXer) Lehi + Lei) 


is a pure real since the product of conjugates is the conjugate of the 


product and the sum of conjugates is real. 
can be rewritten as 


t=n" kR=n l=n 
P+j]Q0 = Releli + j 
1=1k=1 a 
Furthermore: 
l=n k=n 
Q= Xelel 
t=1 kR=1 
l=n R=n 
p ; » 1 & 
= wLp — —— ) ipl; 
wCzI 
l=1 k=n 
l=n R=n l=n 
“ 1 
= 6 Lilkht — — 
@ 
7=1 k=n 1=1 
But: 
l=n kR=n 
Releh = 
j=1 k=1 =D 
k=l k= 1 
1 
2 
k=1 


Equation B4 can now be rewritten as: 


Je + 72 = D + j20(Tm = Te) 


Consequently equation B3 


k=n 
Xpileli (B4) 
k=1 
k=n 
les bes 
) Gy Tplh (B5) 
On 


average rate of energy dissipation in network 


= ) Lpilpl, = average electromagnetic energy stored in the 


network = Ty, 


average electrostatic energy stored in the 


network = T, 


(BO) 


Appendix III—Resolution of Input Volt-Amperes 
Into Input Volt-Amperes of Orthogonal Compo- 


nents of Currents 


Resolve all currents into orthogonal components with respect to 


an arbitrary reference vector, so that 


Ty = In! + 3p 


(C1) 
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It follows that 
(Lehi + Ppt) a BT," dl. Teli") 


Equation B38 can now be rewritten as: 


l=n k=n 
P+ j7Q= ) ZeIe'h! + Ir"li") 
7=1 k=1 
wn k= nN l=n k=n 
= Y Zelp'h!’ + Zele"h" 
(a ae 1=1 k=1 
l=n k= t= kin 
= ) ) Relp' Ii! + > Ruled a 
fan, k= i=1 k=1 
l=n kR=n l=n =n 
j ) > Xp Ty) + > X pile" Th” (C2) 
i=1 k=1 f=1 k=1 


Appendix I!V—Current Flow in a Network 


The current law of Kirchhoff does not establish definitely the flow 
of currents in the network of figure 4. Several closed circuits (called 
meshes) can be traced within the network. Currents circulating in 
these meshes (called mesh currents) automatically satisfy the 
current law of Kirchhoff. An independent mesh is a mesh containing 
at least one branch not contained in other meshes. The minimum 
number of independent mesh currents capable of representing by 
their superposition all the branch currents of a network is equal to 
the number of degrees of freedom of the network and is given by 


uu — 3) 


N= 9 


aerate Et (D1) 


The selection of independent meshes is arbitrary, provided that their 
number is as given by equation D1 and that all branches of the 
network are included. Suppose that, independent meshes, A, B, 


C,... Nhave been selected, carrying Ia, Iz, Ic, . . . Iy independent 
mesh currents, such that the superposition of these mesh currents 
gives the branch currents li, Io, ... 1j, Ik, fi, ...In. One of these 
meshes, mesh A, consisting of branches 1; 2,...7, k, l,...5 is 


shown on figure 4B. 
The relation between branch and mesh currents for the branches 
of this mesh is given by: 


i; = ft, +-Ai; for 7 = 1,2...5 (D2) 


where AJ; is the contribution of mesh currents of all other inde- 
pendent meshes having branch 7 of mesh A as a common branch. 
Equation D2 obviously holds for orthogonal components of branch 
and mesh currents: 


Tj’ = I4' + AL’ forj = 1,2...5 (D3) 


(D4) 


Utilizing equations B2 and C1 the voltage law of Kirchhoff applied 
to mesh A becomes: 


Jig SUM INU Se fs 1 Bian oS 


l=s k=n l=s k=n 
» Zul, = > > Laide t+ Gl,”) = 0 (Ds) 
Tei —=h l=1 k=1 


The flow of currents in the network may be determined by writing 
equation D5 in terms of mesh currents for all independent meshes and 
solving the resultant systems of simultaneous equations. 

It will be shown now how equation D5 can be obtained in terms of 
orthogonal components of mesh currents from the power and te- 
active volt-ampere input formula through the process of partial 
differentiation with respect to 74’ and I4”. From equations C2, 


D3, and D4: 
t=n k=n 
3) y > Ligle'ly! 
AP +72) _ t=1 k=1 
ol,’ ola’ 
128 


The expression to be differentiated may be rewritten as: 


kR=n l=s k=" 


LSD 


l=n 


Zeile'l' + 


Zele'li! + 


B= 5 
Zele' hh’ + 


Zpile' ly 


=e 2 = seal 


The second and the third terms of the last expression are equal,, 
the last term is independent of 74’. The expression to be differ-: 
entiated becomes therefore: 


sakes: (ie S12 Se 
> > Ziule'li’ + 2 Zein’ Th’ 
t=1 k=1 t=1 kR=s+1 
Substituting equation D3: 
Ll=s TR=s kR=n 
> Ze(La'+ Alp'\(La'+ Ali’) +2 Zele'(La'+ Al’) 
b= 1 CRS 1 kR=s+1 
Dropping terms without J4’: 
l=sfTk=s k=n 
> Zeal la?+ (Alp! + AN')Ia’|} + 2 Zlelae 
L=i1bLrR=1 kR=s+1 
Differentiating with respect to Ia’: 
l=s Tk=s k=n 
> Zel(2La' + ATy’ + ATi’) +2 Zale 
L=1LrR=1 [2S ae il 


Using once more equation D3, this can be rewritten as: 
l=sfTR=s k=n 

ZeTe’ + hi’) + 2 Zule’ | = 
k=1 kR=s+1 
L=es p= 8 k=n 


> 2 > Zrlp’ + 2 > Zin! mie > 
al k=st+l 


t=1 
It has been shown, therefore, that 


l=1 


L=s kR=n 
O(P j S ; s i s 
ese) = 2 Zpilp! (D6) 
ol, 


and similarly: 


a(P +50) _ 


ol, u (D7) 


2 > > Zee! 


Substituting equations D6 and D7 into equation D5: 


oP + jQ) se OW sro)” a 0 (D8) 
OE Jj re) I " 3 

The flow of currents in the network of figure 4 may be determined, 
therefore, in terms of orthogonal components of mesh currents by 
forming expressions D8 for all independent meshes and solving the 
resultant system of simultaneous equations. 

Separating the real from the imaginary terms, equation D8 
may be rewritten as: 


OP O0gea 
ry Or,” at, (D9) 
Pa Ona 
ry ed oT 4! i (D10) 
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These expressions are easily remembered as they have the form 
of Cauchy-Riemann equations. Since, however, (P + jQ) is not 
an analytic function of (I4’ + jZ4”) simultaneous equations D9 and 
D10 yield a definite solution. 


It will be observed that for a circuit without resistance equations 
D9 and D10 become 


O 
3 =a (D11) 
als 
00 
a (D12) 


so that in a network without resistance of figure 4 the flow of cur- 
rents must be such as to give the reactive volt-ampere input to the 
network an extremal value. See also appendix VI. 


Appendix V—Net Input to a Multiwinding Trans- 
former in Terms of Short-Circuit Impedances Be- 
tween Its Windings 


The power and reactive volt-ampere input formulas derived for 
the general network of figure 4 are directly applicable to the multi- 
winding transformer of figure 5. Windings 1...%, l,...7 of 
figure 5, which are all located on one magnetic phase of a transformer, 
correspond to branches 1..., },...m of the network of figure 4. 


Fig. 5. 


One magnetic phase of a multiwinding 
transformer 


Expressing all quantities in per-unit the power and reactive 
input to windings on one magnetic phase of a multiwinding trans- 
former is given, therefore, by equation B3 which may be written as: 


i<— k=n 
P+jQ0 = 5 > (— 2Zpifile) (E1) 
Ts Oe 


Neglecting the exciting current: 


kR=n l=n 
Ip = 0 fy = 0 
k=1 ml 
Consequently: 
l=n k=n =n k=* 
1 Bee a 
5 } Ziyll, = — = Zul ig = 10 
Pal (SR L=1 k=1 
it Zee k=n i<— l=n 
=) > Zell = — 5 > Zerle Pf = 0 
l= k= k=1 l=1 


Equation £1 may be rewritten, therefore, as 


l=n kR=n 
1 s 2 e 
ee OLm 5 > ‘(Zar + Zu — 2Zu)Lile (E2) 
l=1 k=1 
But on the assumption of negligible exciting current 
Zeke + Zu — 22m = Ze-1 (E3) 
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where Zz] is the short-circuit impedance between windings k and 1. 
Substituting equation #3 into equation E2: 


R= 
Ze-Ughi 
=F a 


l=n 


1 
PhjQ = - 


2, (E4) 


This expression can be resolved into its power and reactive com- 
ponents and into contributions of orthogonal components of currents 


exactly in the same manner as the original expression B3. 


Appendix VI 


In appendix IV the current flow in a network of several degrees 
of freedom was established from the voltage law of Kirchhoff ex- 
pressed in terms of partial derivatives: 


oP + jQ) o(P + jQ) 
and 
Ole ol,” 


The equilibrium condition of a network may also be expressed as 
follows: Referring to appendix I, instead of starting with equation 
Al define a complex function (U + jW) by the following equation: 


(U+jW) = EI (F1) 


Following exactly the method of appendix I, it may be shown that 
l=n 

Wh = Eh 

A=1 t= 


A=u 


(F2) 


For the special case of a network in which for all points, except 
point 1, either the potential of the point is zero or the current fed into 
the network at the point is zero: 


l=n 


U+jW = Wh = Ey (F3) 


t=1 


By equation A3 the power and reactive volt-ampere input to this 
network is given by: 


l=n 
P+ j0 = Vih= So bhi (F4) 
L=1 


If, therefore, for such a network J; is taken as reference vector, 
ib we, 
and hence 
U+jW=P+i0 


Thus when these restricting conditions are satisfied the function 
(U + jW) may be used to talculate the impedance of transformer 
circuits. 
Following the procedure of appendix II, it can be shown that: 
kR=n 
Zeileli 
kR=1 


l=n 
U+ jw = 
b= 1 


(FS) 


To establish the current flow in a network of several degrees of 
freedom a procedure similar to appendix IV may be followed, except 
that voltages and currents need not be resolved into orthogonal 


components. The equilibrium conditions are given by: 
a U + W) l=s kR=n 
pate td -2) > Zule = 0 (F6) 
ola 
7=1 kR=1 


where the differentiation is justified by the fact that (U + jW) 
is an analytic complex function of the complex variable Ja. 
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Engineering Education 


— Opinions and Influencing Factors 


Engineers are concerned with the prepara- 
tion of young men to serve a civilization and 
culture based largely upon the results of 
technological developments. This fact 
makes necessary a multisided, better edu- 
cated, and more roundly interested indi- 
vidual. Combined with the increasing 
body of fundamental technical knowledge 
and high standards of technical education, 
the adequacy of a 4 year professional edu- 
cational program has been challenged. 
Opinions regarding the situation are sum- 
marized herein, together with the activities 
of the Engineers’ Council for Professional 
Development, through whose united pro- 
gram there is hope for a fuller understanding 
leading to the consummation of an ac- 
cepted philosophy and effective procedure. 


By 
MORLAND KING Lafayette College, 
FELLOW A.I.E.E. Easton, Pa. 


OVID W. ESHBACH 


American Tel. and Tel. 
MEMBER A.1.E.E. 


Co., New York, N. Y. 


F.. 15 years the insistent demand in 
the engineering colleges has been for a broader 
training than was heretofore the case. The situation 
is summed up admirably by Professor H. W. Bibber 
of Ohio State University who says:! “From earliest 
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times up to about 10 years ago, engineers have always 
been concerned primarily with production, trans- 
portation or communication. There has never been 
a sufficient supply of manufactured goods or raw 
materials in the places they were wanted, and the 
engineer’s work of directing the great sources of power 
in nature have been primarily that of providing more 
goods or services, such as transportation or electric 
power. There has always been a demand for a 
greater capacity to produce than existed at the time. 
Usually this has been because the technical means of 
production were inadequate. Up to recent years, 
therefore, the engineer has devoted himself largely 
to the conquest of the physical difficulties associated 
with the application of natural science. The part of 
his work dealing with ‘the use and convenience of 
man’ in many cases has been minor. Nevertheless, 
the social aspects of the application of power always 
have been within the engineer’s domain. 

‘““As many of the technical problems that years ago 
confronted engineers have been approaching a com- 
plete solution, more of their work has concerned it- 
self with the economic and social aspects of power 
application and communication. The result of this 
trend is shown in the opinion of practicing engineers 
as to what the nature of engineering education should 
be, as exhibited in the report of the Society for the 
Promotion of Engineering Education on its investi- 
gation of engineering education. Other studies of 
similar character have been made by individual 
colleges and universities. All of these indicate that 
more and more attention should be given in the 
schools to the social sciences such as economics, 
business organization, history, psychology and soci- 
ology.” 

President C. C. Williams of Lehigh University 
speaking before the last annual convention of the 
Society for the Promotion of Engineering Education 
stated :? “It seems reasonable to expect engineering 
education to expand gradually ... first to strengthen 
engineering administration wherein it now includes 
these matters, and second to offer preparation for 
assuming those functions wherein other agencies 
have been proved incompetent. There lies with 
engineering the responsibility for the economic 
control and stability of its own affairs and if that 
responsibility is not recognized and accepted, engi- 
neering education to that extent must be adjudged 
wanting.”’ 

Another point of view, advanced by Webster N. 
Jones, a former executive of the Goodrich Rubber 
Company states:* ‘““Much thought is being given to 
selection and guidance of prospective engineering 
students. There is a decided tendency toward the 
extension of the teaching of basic cultural subjects to 
prepare graduates to meet ever-changing economic 
conditions. Engineering colleges are realizing the 
fundamental importance of research, especially for 
students with a decided bent toward creative work. 
The human side of engineering is being stressed and 
will lead to greater life enrichment. Teachers of 
engineering are aware of their grave responsibility in 
encouraging young men to search diligently for 
knowledge and wisdom and in stimulating them to 
aspire to a higher order of citizenship. The ultimate 
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goal of engineering colleges is to produce men of 
superior qualifications, especially initiative, creative 
instinct, breadth of vision and capacity for hard 
work: men who possess physical fitness to enable 
them to carry on energetically, tenacity of purpose 
to compel them to stick to the end, resourcefulness to 
direct them out of the beaten path into unexplored 
regions, personality to enable them to live amicably 
in their environment, and knowledge in their particu- 
lar fields to render them capable of creative work.” 

In looking, recently, into the history of 70 years of 
engineering at Lafayette College, it is interesting to 
note how the making of curricula swings like a 
pendulum. In 1889 the electrical engineering course 
included such so-called cultural subjects as French, 
German, history, English, philology, rhetoric, bot- 
any, astronomy, public speaking, Bible, and political 
economy. By 1920 the desire to include the maxi- 
mum of technical subjects had reduced the list to 
English, Bible, economics, and business law. Since 
then, of course, the pendulum again has swung in 
favor of more of the so-called cultural subjects. 

As a means of carrying out these ideals for engi- 
neering education, the colleges and universities have 
adopted, quite generally, the 4 year undergraduate 
course. Itis agreed almost universally that the time 
allotted is insufficient to give adequately the training 
desired. 

To acquaint the student with the technological 
advances that research is constantly making, to 
have the student take enough social science, litera- 
ture, and language to provide the background that 
a professional man should possess, and to engage in 
the worth-while extracurricular activities that an 
engineering student needs, is obviously quite beyond 
the scope of the 4 year course. 

Institutions which have had the courage to insist 
on a longer period have also had sufficient endow- 
ment to carry the cost with the falling registration 
that inevitably has resulted. 

The task, then, in these 4 year institutions has 
been a difficult one, but is being met by eliminating 
those technical courses which cannot be justified on 
the basis of a necessity for developing the powers of 
analysis of the student, and by introducing those 
social science studies which lead to a solution of the 
problem of man’s duties in the social organization. 
The underlying function of engineering education is 
not to acquire a vast store of facts and technical 
information, but to learn how to reason and to solve 
problems. At first these problems will be in the 
physical realm where the validity of the data is not in 
question, where the variables are easily expressed, 
and where there is, in general, but one answer to the 
problem. As President R. E. Doherty of Carnegie 
Institute of Technology has so well put it:* ‘After 
the ability to solve physical problems has been 
developed, the student then may turn with more 
profit to problems in the social sciences where the 
variables are much more numerous, the reliability of 
the data is frequently in question, and more than one 
correct solution is not uncommon.”’ One institution 
has definitely laid down the principle that 2/3 of the 
student’s time shall be devoted to ‘‘the science stem”’ 
and 1/; to ‘‘the social and economic stem.” 
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Even with these changes, the time is so short that 
the Society for the Promotion of Engineering Educa- 
tion after having declared in the report of its in- 
vestigation of engineering education® that “the nor- 
mal length of the undergraduate curriculum should 
remain 4 academic years,” directed at its annual 
meeting in 1933 that a committee be appointed to 
study the question of the length of the engineering 
curriculum. The majority report of the committee 
seemed to favor no definite length of time, but left 
the question open in order that further development 
and experimentation might be carried on. The 
minority report declared that the engineering cur- 
riculum should be lengthened. 

Several institutions are now offering 5 year courses, 
of which Columbia University, Massachusetts Insti- 
tute of Technology, and the University of California 
are notable examples. California’s justification for 
offering the 5 year course is contained in the state- 
ment that the plan is ‘based on the recognition of 
the fact that a 4 year period of study is inadequate 
to give satisfactorily the combination of culture, 
basic scientific, and engineering studies essential to 
the highest type of engineering and to afford at the 
same time leisure for the development of the physical 
well being and human interest of the student.” 
The Massachusetts Institute of Technology an- 
nounces that the 5 year course is “‘designed to meet 
the demand for engineers with a thorough under- 
standing of the sociai and economic implications of 
their profession. This course will include the same 
professional studies as are offered at present in any 
one of the departmeiits of engineering or science, but 
will also include an increasing program of more 
advanced studies in the fields of economics and the 
social sciences running through the last 3 years of 
the 5 year course.”’ 

Columbia University offers 2 programs of study 
beginning with enrollment in Columbia College. 
The first curriculum includes 2 years in the college 
preparatory to study in the professional school of 
engineering. The second specifies a 3 year program 
inthecollege. The latter program includes in addition 
to engineering subjects those subjects which are re- 
quired for every candidate for the bachelor of arts de- 
gree. Upon the completion of the latter program and 
the first 2 years’ work in the school of engineering, 
the student is awarded the degree of bachelor of arts. 

A third type of engineering instruction deserving 
attention is that which has been offered by Haverford 
College for several years and is now the announced 
plan at Harvard University. The student enters 
the college as a candidate for the bachelor of arts 
degree at Haverford and for the bachelor of science 
degree at Harvard, and may elect to take this major 
work in the “‘engineering sciences,” just as he might 
elect a major in any other department. If he 
wishes to take professional work in engineering, it 
will be necessary for him to enter a graduate school 
in engineering. This system more nearly follows 
the method employed for candidates for professions 
such as the law and medicine. 

Another possible solution of the problem has been 
proposed by L. W. W. Morrow, editor of Electrical 
World, as follows:® “If engineering educators agree 
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to follow the demands of industry, the specifications 
for 2 types of courses to give are as follows: 


“Course 1. A course for the mass of students that is based upon a 
broad education developed largely from science, engineering and 
economics and taught chiefly by teachers using engineering methods 
and having both business and engineering knowledge, so as to train 
men to staff and operate mechanized industry. 


“Course 2. A course with very high standards in science and engi- 
neering to be taught by scientific and engineering specialists to be 
given a selected number of students so as to train men to supply the 
specialized technical needs of industry—the future professional 


engineers. 


‘Undoubtedly some schools can and should de- 
velop both of these courses, but a large number will 
find it wiser to offer only one. Since the demand for 
the greatest number of men is filled by course 1 and 
since only a small number of men are needed by 
industry for course 2, the implications are that a 
majority decision will favor course 1. Moreover, 
only a few schools can obtain and sustain the faculty 
and facilities needed to carry out the objectives 
of course 2, while most of the schools could readily 
adapt themselves to the specifications of course 1. 

“To be successful in completely meeting industry 
demands, it would be necessary to make a complete 
revision of the typical university organization and 
to form a separate college for course 1, and another 
college for course 2. This, of course, would involve 
a radical change of the present university organiza- 
tions and would require recombinations of the exist- 
ing colleges and courses.” 

It is apparent that these current views of curricu- 
lar problems are based upon broad concepts of the 
social purposes which engineering serves. The fact 
that different conceptions of the social service ren- 
dered by engineering education do exist, in itself 
justifies differences in objectives and curricula. Its 
importance is illustrated further in the conflicting 
views that, on the one hand, engineers should be 
limited in number to a strictly professional group 
whose professional practices are sanctioned by law, 
and, on the other hand, that engineering education 
in the present era is most suitable to individual 
preparation for industrial life and as such, a wider 
diffusion of technical knowledge and method is 
favored. The latter viewpoint is quite general 
within the electrical industries where the majority 
of graduates are not engaged in occupations of the 
more advanced technical nature, but rather in activi- 
ties difficult or impossible to correlate with the tra- 
ditionally professional divisions of engineering educa- 
tion. Nevertheless, these occupations require a 
knowledge of engineering facts and an understanding 
of the fundamentals underlying applied science. 

While it would be wrong to emphasize unduly the 
service function of the engineering schools in supply- 
ing industrial needs for technical and leadership 
talent, nevertheless the hopes and ambitions of most 
of the boys who choose engineering careers are re- 
lated unquestionably to the standards sought by the 
profession as a whole. That the requirements must 
be widely different for the 2 viewpoints expressed 
is evident. It is also apparent that, carried to their 
conclusion, the requirements for strictly professional 
activities alone would halt the entry of many highly 
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desirable technical administrators and make acute 
the question of how many should enter the profes- 
sion. In this connection, it is of interest to note 
(figure 1) what has happened in the recent 15 years or 
the postwar period. Taking the broader social 
view, it may be observed that the percentage in- 
crease in supply over this period does not exceed 
the average rate of growth of the population as a 
whole. It also may be observed that considerable 
increase in graduate study has been manifested in 
recent years. The committee on graduate study of 
the Society for the Promotion of Engineering Educa- 
tion notes this by the fact that in 1921-22, 178 ad- 
vanced degrees were granted in engineering. In 
1933-34 there were 1,197. So far as the doctorate’ 
is concerned, less than 10 were granted in engineering 
in 1928; in 1934, 126 were earned, putting engineer- 
ing in second place in the sciences—exceeded by 
chemistry only, and ahead of physics. While the 
influence of the depression is apparent, there is no 
doubt that graduate study is on the increase, also 
that the popularity and relative need for 5 and 6 year 
courses remains to be determined. 

Considerable thought is being given to the ques-. 
tion of length of curricula because of the desire to 
provide the broader service function of engineering: 
education and at the same time preserve an accept- 
able technical content. Reflected in the problem of 
time limitation in providing an ideal program is also 
the economic limitation of individual institutions. 
While at present opinion may well look with disfavor 
on attempts at standardization, the successful adop- 
tion of a 5 or 6 year curriculum appears to require 
some uniformity of action which is not likely to 
eventuate since the majority of the 150 engineering 
schools in the United States have yet to celebrate 
their fiftieth anniversaries and even in recent years 
may be regarded as educational laboratories, indi- 
vidually and collectively seeking the best answer to 
the question of what is the best way of meeting the 
needs of young men of varying talents. This is the 
fundamental concern in which the colleges, industry, 
and the profession have a common responsibility. 
The problem is further broken down into the 3 
questions: first, who can hope to achieve rewards in 
engineering practice that will sustain their enthu- 
siasm and enhance their growth; second, what flexi- 
ble educational program is best to stimulate con- 
tinuous development; and third, what recognitions 
are suitable to various stages of achievement. 

The organization, in 1932, of the Engineers’ 
Council for Professional Development was the most 
constructive step ever taken toward the co-operative 
solution of this problem. This Council is a confer- 
ence of 7 engineering bodies with representation from 
the 5 great national engineering societies. The 
latter represent the professional aspects of the 
engineer’s life—civil, mining, mechanical, electrical, 
and chemical engineering. The educational phase 
which is discussed here is represented by the Society 
for the Promotion of Engineering Education, and 
the legal phase by the National Council of State 
Boards of Engineering Examiners. 

Those engineers who were concerned in the 
organization of E.C.P.D. have felt that the purposes 
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of the council can be served only by the whole- 
hearted co-operation of the engineering bodies 
principally concerned. In other words, all those 
interested in the welfare of engineers and engineering 
should work toward a common end. 

The 4 major committees through which the E. C. 
P. D. functions are: the committee on student selec- 
tion and guidance, the committee on engineering 
schools, the committee on professional training, and 
the committee on professional recognition. Con- 
sidered in chronological order, they cover a period of 
10 of the most constructive years in a young man’s 
life. Thus the union of the profession and the pre- 
paratory institutions becomes an agency of collective 
responsibility for giving expression to their ideas, 
and should add encouragement to show initiative 
and supply wisdom in the development of these 
ideas. Since full accounts of the yearly activities of 
E.C.P.D. are published in the annual reports of the 
Council for 1933, 1934, and 1935, no detail is neces- 
sary here. It may be helpful, however, to list some 
of its activities as illustrations of concerted effort 
given to educational problems. 

As related to the problem of selection, counciling, 
and self-determination of interest and ability, the 
committee on selection and guidance has: 


1. Urged the organization of a nationwide counselor service, with 
the schools and national societies co-operating. 


2. Prepared a suggested guide for interviewers, and an interest and 
aptitude analysis form suitable for both high school students and 
college freshmen. 


3. Revised and circulated copies of the pamphlet, ‘‘Engineering— 
A Career, A Culture.’ 


4. Interested itself in the experiments of certain schools conducting 
guidance conferences at summer camps. 


5. Studied the results of predictive tests to determine scholastic 
aptitude. 


As related to undergraduate instruction, the 
committee on engineering schools has thus far con- 
centrated its efforts on the immediate problem of 
accrediting, concerning which there is a later dis- 
cussion. 

As related to the problem of continued education 
and the stimulation of individual effort to organize a 
postcollege educational program, the committee on 
professional training has: 


1. Prepared a pamphlet, ‘Suggestions to Junior Engineers,” 
including a self-analysis guide for the formulation of an indvidual 
program of development and a suggested general reading list. 


2. Undertaken the preparation of a selected bibliography of engi- 
neering texts for both graduates and students. 


3. Made a survey of educational facilities throughout the country, 
with particular emphasis upon courses available to men at work. 


4. Considered the possibilities of an operating program for pro- 
fessional development and initiated trial procedure in selected 
communities. 

As related to consistency and uniformity in recog- 
nizing achievement, the committee on professional 
recognition is studying the 3 avenues through which 
recognition is now accorded, that is: the engineering 
schools, through their charter function of granting 
degrees; the corporate membership of the national 
engineering societies, through their membership 
grades; and the legal sanction afforded only by 
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professional registration in which the specification 
of minimum standards for public protection is an 
important factor. 

This concerted action of the profession, within 
which are embodied many factors bearing directly 
upon curricula, is not without precedent in educa- 
tional history for it is similar to the purpose served 
by the Council on Medical Education organized 
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advanced engineering degrees granted in colleges 
and universities in the United States since 1918 


30 years ago. Many of the problems are similar 
in social and legal aspects. There are likewise very 
striking characteristic differences. For example, 
whereas one deals with highly personalized service in 
which public health and protection are of major 
importance, the other deals with groups working 
collectively in rendering service to a corporate 
institution in which protection of life and property is 
often not afactor. The lack of intensified individual 
importance in the engineering profession perhaps has 
influenced too much the popular concept of engineer- 
ing as a profession, or rather, an engineer as a pro- 
fessional individual. Recent years, however, have 
shown a rapidly developing mass of law requiring the 
measurement of engineers and their licensing. The 
majority of States now have some form of licensing 
procedure. Consideration of the qualifications engi- 
neers should meet has precipitated the necessity for 
the accrediting of undergraduate schools, and a 
method has been tried out in schools of the New 
England and Middle Atlantic States with the idea 
of applying it to all schools. The immediate purpose 
is to establish an accredited list, acceptable to such 
agencies as feel the need of it. 

Inasmuch as the committee on engineering schools 
has undertaken this work, it is pertinent to introduce 
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here a discussion of the procedure which could, if 
not wisely conceived, have a detrimental effect upon 
educational liberty or freedom of development. 
One thing is evident: An era in engineering education 
has begun which will demand more courage and 
vision than have been required by any previous 
generation. The action of E.C.P.D. in assuming the 
responsibility of accrediting is largely based upon the 
premise that the profession is best able through the 
engineering faculties represented by the Society for 
the Promotion of Engineering Education to do the 
Hobe, Lie plan adopted divides the United States 
into 7 districts. The work of accrediting was carried 
out during the last year in 2 regions. The plan 
involved an invitation to the institutions of these 2 
areas to apply for accrediting, a report submitted by 
those applying, an inspection by a delegatory com- 
mittee, a report by the members of the delegatory 
committee, a conference of all delegates in these 
regions with chairmen in other regions and a final 
recommendation to be submitted to the main com- 
mittee and in the fall to E.C.P.D. 

It is obvious that the thoroughness and the 
quality of the job done depends in large measure 
upon the character of the inspection and the qualifi- 
cations of the inspectors. The selection of qualified 
educators should insure sympathetic consideration 
of the objectives of individual institutions and pro- 
tection of their liberties. In past experience this 
element has been considered of foremost importance. 
It must be recognized, however, that the final judg- 
ment is after all the composite opinion of capable 
judges, and that the basis of judgment must con- 
sider qualitative as well as quantitative aspects. 
While it is customary to judge institutions in terms 
of their financial stability, physical plant, semester 
credit hours, and faculty, these criteria are after all 
merely someone’s opinion, and at the best are not 
wholly satisfactory measures. While the judgment 
exercised may vary considerably, in the final analysis 
the decision should indicate whether or not the 
instruction in an institution is consistent with the 
ideals of the profession and whether the physical 
facilities and financial stability are adequate to 
maintain minimum standards. 

While it is too early to formalize the helpful possi- 
bilities of accrediting procedure, where there is 
understanding and confidence there is hope of 
achievement. 

Bearing upon the subject of inspection, George F. 
Zook, president of the American Council on Educa- 
tion, made the following significant statement in an 
address before the Annual Congress on Medical 
Education and Licensure, Chicago, Ill., February 
We'936:7 

“There is another process on which all accrediting 
agencies have placed great reliance, namely, that of 
inspection. ‘There can be no doubt that an outside 
inspector, or inspectors who are known to be thor- 
oughly competent and sympathetic, can do more to 
jar an institution loose from a spirit of dull com- 
placency than almost anything one can think of. I 
am convinced, therefore, that for purposes both of 
accrediting and stimulation the device of visitation 
is highly desirable. But there is a wide difference in 
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carrying on the 2 functions which thus far has not 
been sufficiently recognized in the practices of any 
accrediting agency. After all, one has a very differ- 
ent attitude toward the policeman who knocks at his 
door than he does toward the doctor. One comes to 
compel an individual to meet an arbitrary legal 
standard; the other to help him through education 
and advice. 

“T do not wish to carry this comparison too far. 
I realize that it has not been easy for inspectors to 
play the dual réle of policeman and doctor. Fur- 
thermore, the Council on Medical Education has 
wisely chosen people out of the medical schools 
themselves who are known to be thoroughly com- 
petent. Nevertheless, the inspectors have repre- 
sented essentially an outside organization. They 
have been received with a certain amount of trepida- 
tion almost everywhere. With some hesitation I 
venture the opinion that even in the better institu- 
tions the inspections have been too much in the 
nature of detailed criticisms. In other words, there 
is not enough of the element of friendly stimulation 
which, as I endeavored to say earlier, should be the 
keynote for the :visitation at all institutions, save 
those which may properly be regarded as marginal 
in character. 

“My reason for including these observations, it 
will be remembered, is merely to support the thesis 
which I have advanced, namely, that the accrediting 
and stimulation of higher institutions are properly 
aspects of the same function and that both can best 
be carried on by any agency which directly represents 
the institutions themselves. 

“My fourth and last observation is that accrediting 
agencies in higher education should eliminate quanti- | 
tative standards and go over completely to a frank 
attempt to evaluate, qualitatively, the processes and 
product of higher institutions.”’ 

Only when we have come to an understanding of 
the needs and situations which confront the engi- 
neering profession today can we hope to achieve 
that unity within our ranks which, combined with 
the high personal integrity and technical skill of its 
individuals, will be instrumental in solving, at least 
in part, the technical, social, and economic problems 
we have created. It is not so much methods, 
material, and product which needs standardization 
as excellency in the jobs which are worth doing. It 
is with these things in mind that the curricula of our 
schools and colleges must be designed. 
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Highway Lighting— 
Principles and Sources 


Linking the first studies of highway lighting 
with the present studies, this paper enu- 
merates some aspects of the optical prob- 
lem involved in producing satisfactory lev- 
els of brightness on typical pavements to in- 
sure adequate visibility under various 
weather conditions. Characteristics of in- 
candescent, sodium vapor, and high in- 
tensity mercury vapor lamps are discussed, 
together with the designs of luminaires, 
mounting heights, and spacings necessary to 
provide optimum conditions for vision. 


By 
CROMWELL A. B. HALVORSON 
MEMBER A.1.E.E. General Elec. Co., Lynn, Mass. 


Te STREET LIGHTING commit- 
tee of the Illuminating Engineering Society, after a 
prolonged investigation of the optical principles in- 
volved, published in 1929 the Code of Street Lighting. 
The descriptive text accompanying this code con- 
tains a wealth of technical description and explana- 
tion of many of the factors affecting vision and visi- 
bility with artificial illumination on both streets and 
highways.! The code includes miniinum recom- 
mendations for the lighting of highways but with 
certain modifications where the requirements are un- 
usual or the lighting conditions exceedingly difficult. 
However, because of the different requirements for 
highway lighting, a subcommittee was appointed in 
1935 to draft a code of highway lighting; this impor- 
tant work is well under way. Furthermore, because 
of the relatively great importance of the mattery, a 
subcommittee was appointed several years ago to 
study pavement brightness and to co-operate with 
the manufacturers of road building materials and 
designers of highways to improve the reflecting char- 
acteristics of their products and finished pavements. 


EARLY ACCOMPLISHMENTS OF THE ELECTRICAL 
INDUSTRY IN HIGHWAY LIGHTING 


The first organized effort by the electrical industry 
to secure recognition of the necessity for highway 
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lighting, the problems concerning visibility, and the 
desirability of systematically developing this class of 
lighting service occurred with the appointment of the 
committee on the lighting of interurban highways by 
the executive committee of the commercial section of 
the National Electric Light Association. This com- 
mittee rendered a comprehensive report at the na- 
tional convention at Philadelphia in June 1914.’ 
Excerpts read as follows: 


“The lighting of interurban highways presents to the engineer an 
interesting and difficult problem, due to the large number of diverse 
factors encountered in arriving at a satisfactory solution, not only 
from the point of view of the illuminating specialist but of the com- 
mercial man as well. In general, the requirements of but 2 classes 
need be considered, drivers of horse-drawn vehicles and motorists. 

“We are continually reading of serious night accidents involving 
the automobile, usually with a horse-drawn vehicle or a motorcycle, 
which statistics show could have been avoided had adequate illu- 
mination been provided.” 


With the silhouette principle of lighting, the ability 
of the eye to see objects clearly a sufficient distance 
ahead to avoid collision is greater than with any other 
type of illumination. ? 


“Tn silhouette lighting, seeing is accomplished by the discernment 
of objects in contrast with a lighted background which is usually the 
street surface. 

“‘A serious objection to low intensity lighting on roadways is the 
glare of approaching automobile headlights which tends to destroy 
the adaptability of the eye to low intensities. Therefore it is de- 
sirable to obtain the elimination of the glare from the automobile 
headlights on those boulevards and highways which are used greatly 
at night for pleasure driving or otherwise, and this can be accom- 
plished only by illumination of the kind described above. Then 
with the general adoption of the electric automobile headlight with 
its ease of control, and the enactment of suitable legislation regu- 
lating the use of powerful headlights, great improvement along these 
lines may be expected. 

“The character of the country through which the highway passes 
and the nature of the road surface determine largely the standard 
of illumination which should be adopted. If a low standard is 
adopted, the casual motorist will necessarily have to depend on his 
headlights for roadway illumination. 

“On the other hand, improved roads, such as state highways, which 
run through many of the states, are to be considered and since the 
principal user is the motorist, a higher standard of illumination must 
be adopted and proper surface illumination must be provided so that 
the use of headlights may be carefully restricted, thus contributing 
greatly to the comfort and safety of all users of the highway.” 


MopERN REQUIREMENTS OF HIGHWAY LIGHTING 


From the report just quoted it will be seen that the 
present-day requirements of highway lighting are not 
greatly different in qualitative respects but that 
quantitatively the requirements for good vision have 
increased enormously. Car registrations were 460,- 
000 in 1910 and in 1930 registrations were issued for 
26,000,000 vehicles. -Average speeds were 15 miles 
per hour in 1910 whereas today 50 to 60 miles per 
hour is not uncommon. Moreover, car miles per 
vehicle per annum have increased enormously.° 
Bus and freight lines operate, winter and summer, at 
high speeds on fixed schedules despite hazardous road 
conditions. Judging from accident reports and rec- 
ords of fatalities there are more pedestrians abroad 
now than formerly, probably as the result of the ex- 
tension of mushroom settlements along the highways. 
In the design of modern highways, great changes in 
construction have taken place; superhighways with 
separated lanes of travel, overpasses, underpasses, 
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New bituminous macadam pavement with 
egg size crushed stone 


Fig. 1. 


clover-leaf intersections, bridges, and traffic circles 
have come into the problem, and all require special 
study and treatment from the lighting point of view. 
In the pavement itself many improvements have been 
made in the interests of safety so far as skidding is 
concerned, but the increasing use of the bituminous 
macadam surface employing bluish gray or reddish 
brown stones or crushed rock of egg size is disquiet- 
ing, to say the least, to the lighting engineer because 
of the increased difficulty and cost of lighting such 
dark diffusing surfaces (figure 1). Usually such sur- 
faces are at their best from the fixed highway lighting 
viewpoint when they are wet and reflect the images 
of the light sources from tiny pools of water and wet 
surfaces at all upward angles, so that the entire road- 
way appears bright and in prime condition to produce 
silhouettes. On the contrary, the old time smooth 
surfaced asphalt with its inherently high sheen is 
rapidly being replaced because when wet it tends to 
permit skidding (figure 2). Such a pavement when 
it is wet presents the most difficult problem of all in 
highway lighting, although it is comparatively easy 
to light when dry. On this asphalt pavement the 
reflections of the light sources form narrow streaks of 
intense brightness which in themselves constitute 
sources of glaring brightness in contrast with the 
darker portions of the pavement. 

Probably because of the rapidly mounting need for 
hard surfaced roads for expediting transportation 
over the nation’s highways, public officials have ap- 
parently devoted but little attention to the propor- 
tion of night accidents which result from inadequate 
illumination. Therefore it appears to the lighting 
engineer that the highways have been designed 
wholly with regard to the safe movement of vehicular 
traffic by day, the general assumption being that the 
lighting requirements can be met adequately by the 
illumination provided by the headlights, tail lights, 


colored running lights, and illuminated direction 
signals on trucks and busses. 
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The effectiveness of reflecting devices on the rear of 
vehicles and of direction signs and markings along the 
highway also depends on light provided by the head- 
lights, although in some states stop-and-go traffic sig- 
nals and also flashing beacons are installed and main- 
tained at dangerous intersections by the departments 
of public works. In several states notable progress 
has been made in lighting ‘‘danger spots’’ and in the 
installation of trial highway lighting demonstrations 
employing incandescent, high intensity mercury va- 
por, and sodium vapor luminaires. However, in the 
large majority of these installations of planned high- 
way lighting the expense of installation and main-— 
tenance is borne wholly by the utilities and munici-_ 
palities or the counties, as the casemay be. Gener- 
ally speaking, highway construction and highway 
lighting today are in about the same relative posi- 
tions as building construction and scientific interior 
lighting were some 25 years ago. Then the last 
thing considered by the architect was light. Today, 
the architect contemplates lighting as a primary ele- 
ment in building design and construction. Perhaps 
highway authorities will realize in the future the im- 
portance of the fixed illumination factor and take it 
into consideration when the highway is planned and 
specifications drawn. 

The assumption by many people that the transient 
illumination provided by the vehicles themselves is 
adequate is obviously. erroneous in that many vital 
considerations affecting the eye itself are entirely dis- 
regarded. Even the cause and effects of headlight 
glare seem to be but little understood. 

Dr. Harry R. DeSilva, psychologist at Massachu- 
setts State College, has conducted reaction tests on 
hundreds of drivers and determined many interesting 
facts concerning vision; he writes in part as follows:® 


“Of all the senses involved in driving an automobile, vision is of 
paramount importance. ‘ 

‘When the ordinary person thinks of tests for vision, he usually 
calls to mind a color-vision test or an acuity test. While we include 
these among our visual tests, we consider them of less significance 
than our other tests, which measure glare blindness, movement 
threshold, depth perception, and tunnel vision. 


Fig. 2. Asphalt pavement with uniform brightness 
from regular or specular reflection; this surface when 
wet forms virtual images of luminaires 
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Fig. 3. Extremes in pavement surface reflectivity may not result in similar extremes of brightness; specular as- 
phalt and diffuse concrete show great variations under natural daylight 


Left—Facing toward sun; Center—Facing away from sun; Right—Looking directly down 


“Driving an automobile at night is more difficult than day driving 
because of the shorter range of road visible in front. But driving 
along in the face of the blinding headlights of oncoming cars is 
doubly precarious. What makes matters worse is that some people 
are blinded much more by headlights than others; in fact, their disa- 
bility is serious enough to be designated as glare blindness. Upon 
questioning some of these glare-blind people, we found they realized 
they did not see well at night in the face of glare, but that they 
thought that they experienced no more difficulty in this respect than 
did the average person. In other words, many people who are 
glare blind do not recognize their defect. 

“The average driver was favorably disposed to our glare test. 
Many of our glare-blind subjects remarked, after the test, that they 
intended henceforth to do as little night driving as possible. If this 
apparatus should be made available in all of the testing offices of our 
state motor registry, it would in time do much to teach glare-sensi- 
tive people to be more careful about their night driving. The test 
could also be used with advantage in educational work among 
people, such as bus or truck drivers, who have to drive at night.” 


VISION AT NIGHT 


Considering the foregoing, how are objects seen at 
night under highway lighting? Stated simply, vision 
is accomplished primarily in one of 2 ways or in a 
combination of the 2 ways. Objects, fixed or mov- 


ing, are seen either in silhouette against a lighted 
background of the highway pavement or contigu- 
ous surfaces or areas, or else by the direct light from 
the lamps themselves.’ 


When objects are seen in 


Fig. 4. The correct application of light on a high- 

way can overcome great differences in the reflectivity 

of different parts of the pavement by producing uni- 
form brightness on the traffic lanes 
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silhouette, their bulk or outline is observed; when 
objects are seen in perspective or by direct light, their 
details or features are distinguished by means of the 
light reflected from the object to the eye. All per- 
sons and objects are seen by day or night either in 
silhouette or in perspective or by a combination of 
both. From this it is evident that in order to see at a 
considerable distance by direct light at night a rela- 
tively high intensity of illumination on the vertical 
surfaces of objects must be employed. Until certain 
recent developments occurred in vapor lamp lighting 
and the more efficient utilization of light from incan- 
descent lamps, high intensities have been imprac- 
tical from an economic standpoint except in white 
way or intensive lighting as in main business streets.® 

The foregoing fundamental optical principles 
should be understood by all for they apply also to 
visibility on roads without adequate highway light- 
ing where the driver has to depend solely upon his 
headlights. Everything considered, it is probably 
safe to state that 80 per cent of aJl objects on the 
highway at night are revealed by silhouette vision 
regardless of the type of lighting, whether by head- 
lights or from fixed highway luminaires. ° 

Moreover, it is probably safe to assert that when 
natural conditions for visibility are poor, as in mists 
or fog, vision of distant objects is impossible except 
by the silhouette method. Under such conditions a 
driver’s own headlights can be of little use to him 
since the fog particles diffuse the light and reflect it 
back at the eye level and thus form an illuminated 
veil through which he is unable to see any appreciable 
distance. Conversely, light from the opposite direc- 
tion from high mounted luminaires designed to give 
a strong directional effect at angles well below the 
horizontal illuminates the atmosphere in such a man- 
ner that a deep background of relatively low bright- 
ness is formed which is actually advantageous in the 
production of silhouettes. Studies by the author 
of highway lighting systems installed along the east- 
ern coast where dense fogs are sometimes encoun- 
tered have yielded much valuable information on 
this phase of the subject. 


GLARE 


Another important phase to be considered funda- 
mentally is that of glare. What is or what consti- 


737 


Fig.)5. 


Miniature highway for comparing methods 
of lighting 


Scale model of a 30 foot road, 900 feet long, with dark bi- 

tuminous diffusing pavement. Note objects at 300 feet and 

500 feet respectively; lighting of 10 foot candles intensity 
is from 50 foot towers placed 30 feet from edge of road 


tutes glare? There still is a great difference of opin- 
ion among authorities. Perhaps glare can be de- 
fined best as ‘‘light out of place.’’ Certainly it can- 
not be defined wholly in terms of candle power; for 
instance, a headlight that may appear glaring and 
interfere with vision at night on a dark country road 
will hardly affect vision in bright daylight. In 
other words, glare is largely a matter of contrast. 
Well defined and drastic headlight laws were put into 
effect in many states in 1921 and have accomplished 
some remarkably good results. But, even with the 
headlight equipment in perfect condition and the car 
on a perfectly Jevel pavement with the main beams 
depressed, at least 800 to 2,000 candle power is per- 
mitted by law in horizontal directions toward the 
eyes of the oncoming driver.!° This value is higher 
than the intensities from well designed highway lu- 
minaires at or slightly below the horizontal, but in 
the case of the latter, the high mountings usually 
employed (25 feet) lift the light source well out of the 
operator’s field of vision. 

Headlight beams compared with light from high- 
way luminaires are much higher in intensity; the 
candle power from the former may be of the order of 
50,000 maximum while from the latter 4,000 is about 
the maximum employed. However, in highway 
lighting the light sources are fixed while candle 
power intensities of headlights may vary from 800 
to 50,000 at a very rapid rate because of the con- 
stant rocking or pitching of the car. Terrific eye 
strain and physical fatigue are the results. 

Some investigators are working on the matter of 
polarization of the headlight beams of automobiles as 
a possible glare reducing device. None of the work 
as yet has reached a practical state. The future may 
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bring developments which will affect the whole situa- 
tion, but the subject is too involved to discuss in de- 
tail in limited space. 

With adequate highway illumination, bright head- 
lights are unnecessary. The control of glare from 
highway luminaires is in the expert hands of design 
engineers trained to handle such problems rather than 
in the inexpert hands of the car owner. Reid and 
Chanon from their miniature street tests have found 
that even the 800 candle power intensity from de- 
pressed headlight beams under certain conditions 
results in a loss of visibility equivalent to about 50 
per cent of the illumination of the highway from 
fixed lighting.!1 Other quantitative determinations 
made by them show that certain types of existing 


Fig. 6. Diffuse 
reflections from Anau 
matte surface ma- LUMINAIRE 


cadam with high 
mounted units not 
overhanging the 
highway 


REFLECTION FROM 
MATTE SURFACE 


SORE 


BITUMINOUS 
MACADAM 
ROADWAY 


highway lighting equipment causes a similar loss 
from the inherent glare of the luminaires themselves. 
However, the glare effect of headlights under prac- 
tical conditions seems not to have been reported. 


Major CONSIDERATIONS IN 
HiGHway LIGHTING DESIGN 


In general, there are 4 major considerations in the 
successful illumination of highways: 


1. The analysis of the reflection characteristics and visibility con- 
ditions of typical road surfaces. 


2. The characteristics of light sources and the design of lighting 
auxiliaries to secure the most efficient application of the generated 
light to produce the maximum visual effectiveness on the highway. 


8. The type of circuit and electrical distribution in view of the 
differences in operating characteristics of the various sources of light 
now available for highway lighting. 


4. The mechanical design of the lighting system to give the best 
possible placement, mounting, and maintenance of the lamps and 
luminaires. 


LIGHTING CHARACTERISTICS OF ROAD SURFACES 


There are several basically different types of road 
surfaces in common use: concrete, bituminous ma- 
cadam, brick, and asphalt. Each of these in turn 
has wide variations in its ‘“‘skin’’ composition under 
practical conditions of use which may greatly affect 
and change the individual appearance and effective- 
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ness for best visibility under various artificial light- 
ing systems. Fog and rain introduce still further 
complications because the reflection characteristics 
and appearance of even damp pavements may be en- 
tirely changed for better or worse. 

The efficiencies of various pavements in terms of 
total light reflected in all directions varies from ap- 
proximately 4 per cent to 30 per cent, the former 
value applying to the darker bituminous and asphalt 
surfaces and the latter value to ordinary uncolored 
concrete. This wide range of reflection values would 
be very disconcerting from the economic viewpoint if 
all pavement surfaces rigorously followed Lambert’s 
cosine law of emission,!? that is, if the surfaces were 
perfectly diffusing, for this would mean that the 
brightness of the pavements would be directly pro- 
portional to their respective reflectivities in terms of 
colorless body radiation, a white body reflecting 100 
per cent of the light falling upon it. To put this 
matter in a practical way is to say that a concrete 
roadway of 30 per cent reflectivity and illuminated 
to a satisfactory degree of uniform brightness would 
require less than 14 per cent of the light required by 
the bituminous or asphalt pavements to appear 
equally bright. Fortunately, however, it frequently 
happens with the darker pavements that regular re- 
flection may take place to a considerable extent so 
that the resultant brightness of the pavement to- 
ward the eye with low angles of incident light may 
greatly exceed that of concrete with equal illumina- 
tion. When the pavement surface is worn smooth 
or contains bright particles which reflect light as a 
mirror reflects, it is said to have regular or specular 
reflection. Conversely, if a pavement surface is 
rough, such as cross-brushed concrete or crushed rock 


Fig. 7. Diagram showing that with light sources ra- 

diating uniformly in all directions and mounted 30 

feet to light center above edge of 30 foot pavement 

and 130 feet apart only 12.5 per cent of total gene- 

rated light flux falls on pavement within the hy- 
pothetical sphere 
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bound in tar, it is said to reflect light diffusely or to 
have irregular reflection. Most pavement surfaces 
are made of materials or are formed such that to a 
greater or lesser degree they combine both types of 
reflection.!* In figure 3 are shown 2 types of pave- 
ment, asphalt and concrete, comparing the action of 
daylight upon them. The concrete has a reflection 
factor of about 30 per cent while the asphalt reflects 
approximately 4 per cent of the light striking it. 
The 2 pavements appear to merge as one in the direc- 
tion from which the light is coming, but are distinct 
when viewed with the light behind the observer. 
The application of these characteristics on a lighted 
highway is shown in figure 4. In addition it may be 
observed in the figure that the traveled lanes marked 
by oil dripping from automobiles, although reflecting 
the same amount of light in each case, appear 
brighter than the concrete when the observer is 
facing the light and darker when the observer is 
facing away from the light. 

For many years the problems of uniform surface 
brightness, glare, and the correct distribution of the 
light from the luminaire over the pavement have been 
subjects of much discussion among street lighting 
engineers. Years ago the author and his associates 
designed a highway in miniature to represent to scale 
typical conditions as found on highways (figure 5). 
It is completely equipped with facilities for studying 
the diversified problems of highway illumination 
from the various viewpoints presented in this paper. 
The highway itself is a 4 sided member arranged for 
rotation and having on each side a surface simulating 
one of the basic surfaces as mentioned above (brick 
excepted). By simply turning a hand wheel 90 
degrees the different surfaces in turn are quickly po- 
sitioned in the same relation to any selected type of 
highway illumination. By this means the visibility 
of various objects can be compared quantitatively 
on the different road surfaces with different degrees 
of illumination, different placement of the luininaires 
lengthwise or transversely, etc. Among the most 
important studies were those concerned with asym- 
metric light distributions, pavement brightness, and 
glare. It was found, for example, that the high 
brightness of the asphalt pavement of the specular 
type permits higher candle power intensities from the 
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Fig. 8. _Iso- 
candle _ distri- 
bution curve 
of light from 
300 watt mul- 
tiple type C 
mazda lamp 


luminaire toward the eye than does bituminous ma- 
cadam reflecting diffusely; that is, the brightness of 
the former more nearly approaches the brightness of 
the source, thus reducing glare, but in the latter case 
the pavement is of such a low order of brightness 
that the conditions for high contrast between pave- 
ment and light source are increased and glare, with ina- 
bility to see, is the result. Another important find- 
ing was that the light sources gave better results over 
wet or specular pavements if they were placed in 
rows over the traffic lanes but with alternate lamps in 
staggered formation, as by this means each lane has 
its own path of brightness. The ideal method of 
lighting pavements having a perpetual sheen would 
be to employ sources of light of great linear dimen- 
sions and of relatively low brightness mounted trans- 
versely over the roadway. This scheme was tried 
by the author in miniature and to some extent in 
practice with the first installation of sodium vapor 
lamps in the United States. The lamps were 24 
inches in length, mounted well out over the pave- 
ment, and on wet nights the pavement reflections 
were remarkably effective. Although the present 
10,000 lumen sodium vapor lamp is only 12 inches in 
length, some advantage is gained by its transverse 
horizontal arrangement. 

The ideal road surface for artificial illumination 
would be a perfectly diffusing white surface because 
the direction of the incident light would be immate- 
rial, for with uniform illumination the area would 
appear of maximum uniform brightness no matter 
from what direction the view was taken. Thus, 
the luminaires could be at one side and away from 
the pavement or at a great height above the pave- 
ment (figure 6). Bituminous and other matte pave- 
ments reflecting diffusely could be improved greatly 
in reflectivity if the surfaces were given a wash or 
heavy spray of light colored concrete or cement. 
Compared with the cost of producing satisfactory 
brightness with increased intensities of illumination, 
road surface treatments would be relatively inexpen- 
sive. On concrete pavements darkened and pol- 
ished with wear the desirable matte characteristics 
could be restored and the reflectivity improved by 
heavy sand blasting. It is frequently claimed that 
dark pavements are easier on the eye under natural 
lighting conditions. This probably is true to the 
extent that conditions for visibility on the highways 
are generally improved when the sky is overcast. 
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However, it is Clear from figure 3 that the brightness 
may be painfully high, under sunlight, even with 
a pavement ot only 4 per cent reflectivity if the bright 
sky or the sun happens to be in the field of view and 
the light falls on the roadway at low angles of inci- 
dence. 


LIGHT SOURCES AND LUMINAIRE DESIGN 


The primary problem of illumination design is to 
conserve as much as possible of the generated light 
at or near the source, and redistribute it over the 
roadway under consideration to produce reasonably 
uniform brightness throughout the pavement sur- 
face, and to accomplish the desired result with a 
minimum of glare. From 1914 to 1933 the most 
practical source of Jight available was the highly 
concentrated filament of an incandescent lamp. 
The initial distribution of light from the conventional 
loop-type series street lighting filaments of 2,500 
lumens output and up is usually pictured by the 
lighting engineer as being virtually spherical in form 
but having conical depressions at the poles, that is, 
the filament for practical purposes is considered as a 


Fig. 10. Utiliza- 
tion curves in 
terms of pave- 
ment widths when 
various mounting 
heights are as- 
sumed 
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point source with the light radiating uniformly in all 
directions. Such a source placed at the center of a 
sphere would illuminate its surface uniformly 
throughout as illustrated graphically in figure 7. 
However, in the illumination of the highway pic- 
tured within the spherical globe only a relatively 
small surface really receives light. In the hypo- 
thetical case shown the actual] value of the light fall- 
ing naturally on the highway is only 12.5 per cent of 
the total light flux generated by the lamp. Thus the 
luminaire designer has the problem of collecting the 
wasted light (87.5 per cent) and redirecting it in the 


Fig. 12. Re- 
direction _ of 
downward 
light from fila- 
ment in hoii- 
zontal planes 


most efficient and effective manner to enhance the 
pavement brightness. Theoretically this would re- 
sult in 8 times the illumination provided by the bare 
lamp. 

Generally the effectiveness of the design of the 
lighting device depends upon the following factors: 


1. The over-all lumen output of the luminaire in per cent of total 
bare lamp lumens. 


2. The efficiency of the luminaire in delivering its lumen output to 
the pavement in any given case calculated in per cent of total bare 
lamp lumens (utilization). 

3. The candle power intensity of the light from the luminaire in 
_ vertical planes around its axis. 

4. The intrinsic brilliancy of the luminaire surfaces emitting light 
toward the eye at angles near the horizontal. 


A distribution curve of a conventional type C 
mazda lamp is shown in figure 8. The distribution 
curves of the light of this lamp modified by a modern 
reflector design are shown in figure 9. In the process 
of collecting and redistributing the generated light 
of the filament 33 per cent of the initial light has been 
absorbed. While this is important, it is of even 
greater importance to know how much of the remain- 
ing light can be usefully employed. Figure 10 shows 
the utilization efficiency curve in terms of pavement 
width (street side) when various mounting heights 
are assumed. From these it is seen that this par- 
‘ticular design is most efficient at approximately 3 to 
4 times the mounting height, delivering from 38 to 
42 per cent of the light of the bare lamp to the pave- 
ment. Everything considered, this is a creditable 
performance and the luminaire may be said to have 
increased the efficiency of the lamp threefold so far 
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Fig. 13. 


Lighting of Prospect Park, Brooklyn, N. Y., 
before and after the installation of luminaires em- 
ploying the optical system shown in figure 11 


Camera exposure and other conditions same in both views 


as light delivered to the pavement is concerned. In 
the problem just considered it was assumed that the 
luminaire was placed directly above the edge of the 
pavement. In practice it probably would overhang 
the roadway a considerable distance, also there might 
be a berm or wide shoulder to be lighted in which 
case the light on the “‘house side’”’ would play as im- 
portant a part as the light on the “street side,” 
therefore the utilization efficiency under maximum 
conditions could be equal to 67 per cent, the full 
lumen output of the luminaire. 

A further analysis of the photometric curves shows 
that the maximum candle power is at 75 degrees 
from nadir and is approximately 4 times the maxi- 
mum candle power of the bare lamp (figure 8). From 
this luminaire there is practically no direct light, that 
is, the light source is shaded when viewed along the 
highway at a distance of 10 times the mounting 
height. Even at the lower angles, glare is mini- 
mized because of the moderate intensities and the 
diffusion of the light laterally by means of the pris- 
matic devices on the outer surface of the glass bowl. 
Figure 11 shows the optical design of the gathering 
reflector surfaces and their effect on the upward Jight 
from the filament. Figure 12 shows the downward 
light from the filament redirected in horizontal 
planes from deflectors designed to give an asymmet- 
ric distribution generally parallel to the roadway. 

The development of this particular luminaire re- 
sulted from studies of light distribution and glare 
over a period of years on the miniature highway at 
Lynn, Mass. These were followed by extensive 
field tests of an installation in Brooklyn, N. Y., by 
engineers of the Consolidated Edison group and the 
Bureau of Gas and Electricity of the City of New 
York by which the details of design and illumination 
performance were gradually perfected" (figure 13). 

In the foregoing description of a single case of the 
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design problem many details have been omitted for 
lack of space; moreover, much could be written about 
the relationships of various filament forms and the 
contours of the reflecting and refracting surfaces of 
the luminaire. Generally, the vertical dimension of 
a filament positioned at a given distance from a given 
reflector or refractor surface determines the vertical 
spread of the redirected beams and the sharpness of 
the cutoff at the angles near the horizontal which at a 
distance are the glare producing angles. In other 
words, the smaller the vertical dimension and the 
greater the precision of the setting of the filament at 
the designed focal region, the more nearly will the 
practical results approach the theoretical. This, of 
course, is true of all precision projection devices 
where sharp cutoffs are required as in automobile 
headlights, airport landing lights, etc. For illus- 
tration the lever arm may be considered in its anal- 
ogy to a light beam, so proportioned that on one side 
of the fulcrum (the reflecting or refracting surface of 
the luminaire) it is hundreds of feet in Jength. At 
this end of the lever and a few feet above it is the 
human eye (figure 14). At the end of the short arm 
of the lever, only a few inches long, is the light 
source; in the case of headlight beams there is a 
ratio of thousands to one. If a slight variation 
occurs in the setting of the filament, even a fraction 
of an inch, this variation will be multiplied tremen- 
dously. Ina headlight even 1/3. inch may be magni- 
fied to a yard at a distance of 100 feet, or if the 
bracket or support of the device varies angularly 
from the design position there will be a similar mag- 
nification. However, in the matter of light control 
so far as practical considerations of glare on the high- 
ways are concerned, the highway luminaire of pre- 
cision design has all the advantage since it can be 
fixed in position permanently while the headlight is 
constantly in angular motion. As figure 14 shows, 
the relatively high mounting height of the highway 
luminaire still further reduces the possibility of glare 
from variations in beam position because the vertical 
movement for a given angular displacement is greatly 
reduced. 

Precision is the keynote of modern luminaire de- 
sign—precision in the design and forming of the sur- 
faces that redirect the light; precision in the design, 
construction, and location of the filament source (see 
figure 15); and finally precision in the placement and 
mounting of the luminaire to secure the designed 
results (see figure 16). Recently, the lighting engi- 
neer has been provided with additional tools which 
made possible the luminaire shown in figure 11.¥ 
A specially treated aluminum with a coefficient of 
reflection of approximately 82 per cent makes pos- 


HIGHW. 
og GHWAY LUMINAIRE 


sible many novel designs of high efficiency in light 
control while improvements in lamp making, fila- 
ment design, and fittings with prefocused attach- 
ments all contribute to improved results in highway 
lighting. 

As another outstanding example of the new order of 
things in highway illumination, attention is directed 
to a development recently described.1!_ Asa result of 
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studies on a miniature street of relatively large size, 
design data were accumulated for a novel luminaire 
suitable for use in the illumination of 2 and 3 lane 
highways (figure 17). The reflector is of specially 
treated aluminum and comprises in part a vertically 
arranged series of truncated conical surfaces so de- 
signed that practically all the upward light of the 
filament is redirected in planes substantially parallel 
with the roadway. Since no diffusing glassware is 
employed, the cutoff at 80 degrees is almost com- 
plete. This design lends itself nicely to a special 
filament form and in fact to any source having small 
vertical dimensions. Figure 18 shows the trial in- 
stallation of this new type of luminaire employing 
4,000 lumen lamps. The efficiency of the utilization 
of the light on 3 lane highways is of the order ofs45 
per cent. 
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Fig. 14. Diagram showing that glare from headlights is greater than that from high mounted units because of 
angular relations 
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Fig. 16. Typi- 
cal highway 
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with telescopic 
brackets at 25 
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height 


SopruM VAPoR LAMP 


In addition to improvements in reflecting materials 
and incandescent filaments, new and more efficient 
sources of light are now available for highway light- 
ing in the sodium and high intensity mercury vapor 
lamps. The luminous efficiency of the sodium lamps, 
in the 6,000 and 10,000 lumen sizes, is 2 to 3 times 
that of incandescent street lighting lamps. 

This linear source of relatively great physical size 
presents many interesting problems to the illuminat- 
ing engineer. Figure 19 shows the isocandle curves 
of light distribution from the 10,000 lumen lamp. 
The striking thing about them is that the bulk of the 
light flux falls in the central zones normal to the axis 
of the lamp, there being practically no light at the 
end zones. For the illumination of large circular 
areas such sources vertically arranged and fitted with 
large circular reflectors would be ideal. In the light- 
ing of the modern traffic circle or clover-leaf inter- 
section such applications may develop. Where the 
highway itself is concerned and conventional mount- 
ing heights are employed, the best arrangement of 
the sodium lamp seems to be horizontal and trans- 
verse. In this case the luminaire designer starts 
with a natural distribution of light in which the maxi- 
mum candle power intensities lie in vertical planes 
parallel to the roadway. Therefore, instead of re- 
flecting surfaces of revolution around a vertical axis 
as in the earlier examples where the “‘point source” 
of light was described, the procedure in this case is 
to employ cylindrical surfaces of parabolic cross sec- 
tion to intercept the upward light and reflect it in 
useful directions along the highway (figure 20). 
Because of the large vertical dimension of the 10,000 
lumen sodium vapor Jamp (3 inches), a multiple set 
of reflectors is required to subtend the light source 
and gather the upward light. At the rear of the 
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lamp a vertical plane surface is employed to impart a 
lateral shift to the axes of the light beams toward the 
middle of the road. Examination of the light dis- 
tribution curves of the sodium luminaire shows that 
it has a high over-all efficiency and is especially well 
adapted to the lighting of the 3 and 4 lane and di- 
vided highways (figure 21). Highway lighting by 
sodium vapor lamps during the past 2 years has met 
with general public acceptance. The advantages 
claimed are: 


Higher efficiency 
Lower intrinsic brilliancy, resulting in less glare 
Broad source giving wide band on wet or specular pavement 


Attractive and distinctive effect 


or 09 boo 


Easier vision!® 


In the matter of glare there is very little informa- 
tion of a practical kind available. However some 
pedestrian visibility tests have been reported which 
are interesting and important.!’ The tests were 
made on the Boston-Worcester turnpike to determine 
the distance at which a pedestrian, in dark clothes, 
could be seen under similar conditions with sodium 
lighting and substantially equivalent incandescent 
illumination. The distances were 1,283 feet and 727 
feet, respectively. 


HicuH INTENSITY MERCURY VAPOR LAMPS 


The performance of the sodium vapor lamp has 
been described primarily because of the greater ex- 
perience in its use. As yet the 400 watt high in- 
tensity mercury Jamp has not been standardized for 
horizontal operation. However, several notable 
street lighting installations of the 400-watt 16,000- 
lumen lamps have been made in which a 200 watt 
incandescent lamp is used in a specially designed lu- 
minaire to provide color correction, heat for start- 
ing in cold weather, and a stand-by in the event of 
mercury lamp outage.'® This luminaire provides a 
symmetrical light distribution. 

There is a 250-watt 7,500-lumen high intensity 
mercury vapor lamp available for universal burning 


Fig. 17. Highway luminaire with specially treated 

aluminum reflector having a vertically arranged series 

of truncated conical surfaces; designed to be placed 
in transverse position over roadway 
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Fig. 18. Experimental installation of truncated lu- 
minaires on highway near Cleveland, Ohio 


in any position. Its characteristics indicate the 
need of supplementary incandescent lamps to facili- 
tate cold weather starting, with the result that the 
over-all efficiency is lowered and it becomes less at- 
tractive for general street and highway lighting. 

In addition to these types of mercury lamps there 
has been announced as a laboratory development a 
radically different form, not yet commercial. This 
employs a small quartz tube about the size of a pen- 
cilin diameter and an inch or so long. The arc 
stream is about 1 millimeter thick. Such a small 
and concentrated line source may have great poten- 
tialities for street lighting in luminaires designed for 
accurate light control. 


THE SERIES CircuIT VERSUS 
MULTIPLE DISTRIBUTION 


Vapor lamps have a negative resistance charac- 
teristic, for their resistance decreases with increasing 
current. This means that the current flowing in the 
lamp must be limited to prevent a short-circuit con- 
dition and damage to the tube. Limitation of the 
current may be obtained by suitable resistance or 
reactance ballast. Resistance ballast is not eco- 
nomical because of the loss in power with conse- 
quent decrease in over-all efficiency. Therefore, re- 
actance is the commonly used ballast, although it 
introduces the problem of power factor, which in 
most street lighting applications is quite important. 

Each vapor lamp to be operated from a multiple 
source of supply must have an individual series reac- 
tance between it and the supply, or an individual 
transformer may be employed that has sufficient 
inherent reactance in its design to limit or stabilize 
the current tothe lamp. Ina series constant current 
circuit the stabilizing means is concentrated or 
lumped in the main constant current transformer 
that supplies a series or group of lamps. The well 
known types of constant current transformers used 
with incandescent lamp circuits will regulate the 
current for a series of vapor lamps with equal fa- 
cility. It is quite likely to be more economical to 
lump the stabilizing reactance for a group of lamps in 
one unit rather than to distribute it over a number of 
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individual lamp transformers, such as are necessary 
in multiple distribution. 

On most vapor lamps, the voltage necessary to 
start the lamp is higher than the normal running 
lamp voltage. Consequently, excess voltage must 
be provided for starting purposes which the trans- 
former reactance must absorb incidental to providing 
proper voltage and current for stable operation. 
This is more particularly true of sodium than of high 
intensity mercury vapor lamps. A timing relay is 
used with the sodium vapor lamp which does not 
permit the arc in the lamp to start until the cathodes 
have been preheated for approximately 20 seconds. | 
This means that the lamps are ignited at different 
intervals of time as the result of small irregularities — 
in timing of the individual timing devices, and in 
effect the load on a constant current circuit is im- 
posed in steps as the individual lamps are ignited. 
This so-called ‘“‘staggering’’ of the load provides the 
required starting voltage for the individual lamps as 
they come on the circuit. Were it not for the stag- 
gering the simultaneous addition of the starting volt- 
ages of all the lamps in the circuit would be much 
greater than is actually required, and necessitate the 
use of a much larger constant current transformer. 
The selection of a transformer that will start a series 
of sodium vapor lamps in this fashion and operate 
them at normal current will automatically furnish 
sufficient ballast for stable operation. | 

A detailed study will reveal that in any highway 
system of sodium lighting the series distribution is 
more satisfactory than the multiple distribution if 
the system is set up exclusively for the highway 
lighting. 

With the advent of the 20 ampere type C mazda 
lamp in 1914, it was suggested that a 2,300 volt line 
be carried along the highway and the individual street 
lamps connected thereto through suitable trans- 
former equipment. However, cost data at that time 
indicated that it could not compare favorably with 
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Fig. 19. Characteristic isocandle curves from pho- 
tometric tests of a 10,000 lumen sodium vapor lamp 
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_ the series system because of the high voltage trans- 
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formers, protective gear, and hardware which neces- 
sarily accompanies 2,300 volt distribution apparatus. 


This method of operation is now being reconsidered, 


however, for the high intensity mercury lamp, which 


is better suited for multiple operation. The high 
intensity mercury vapor lamp is not so easily adapted 


to series operation as is the sodium vapor lamp be- 
cause of its inability to restart when hot after a tem- 
porary power failure. This property of the mercury 
lamp produces, in effect, an open circuit, and con- 
ventional film cutout protection schemes are not 
readily applicable. However, a scheme has been pro- 


_ posed for series operation of mercury lamps wherein a 


time delay device is installed adjacent to the con- 
stant current transformer so that after a power in- 


_terruption, the energy will not be restored to the 


series circuit for 15 minutes or, in other words, until 
the lamps have had a chance to reduce their internal 
vapor pressure by cooling to the point where they will 
start promptly at a reasonable voltage. There has 
also been proposed a system using the so-called ‘‘air 
gap transformer.’”’ In this type of transformer an 
air gap is provided in the core which limits the de- 
gree of saturation when a lamp becomes open- 
circuited, and no destructive voltage is generated at 
the lamp. However, this system introduces an 
excess of reactance in the circuit which greatly re- 
duces the carrying capacity of the constant current 
apparatus. In general, this scheme is not an eco- 
nomical means of distribution for operating mercury 
vapor lamps. 

Present knowledge indicates that this mercury 
characteristic is inherent and there appears no im- 
mediate solution for avoiding it. Therefore, multiple 
distribution systems, which provide only low volt- 
ages, are generally simpler and more economical. 
In the installations made thus far, multiple distribu- 
tion has been employed and in some cases where com- 


Fig. 20. Op- 
tical system of 
luminaire with 
horizontal so- 
dium vapor 
lamp; arrows 
show redirec- 
tion of haif of 

light output 


bination luminaires are employed, the mercury lamp 
is shut down at midnight, leaving only a 200 watt 
incandescent lamp operating on the all night sched- 
ule. 


MECHANICAL DESIGN OF THE LIGHTING SYSTEM 


Primary consideration should be given to the best 


practical placement, mounting height, spacing, and 


maintenance of the complete lighting unit, since from 
the foregoing it may be seen clearly that to secure 
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Curves of distribution in 2 planes of light 
from sodium vapor luminaire 


optimum conditions for visibility, each type of lu- 
minaire must be considered separately. In the 
opinion of the author, the following suggestions 
should be helpful. 

In general with existing highway conditions, it 
may be stated that the luminaires should be mounted 
not less than 25 feet above the pavement. In the 
case of 2 or 3 lane roadways, they should be placed 
over the travel lanes and staggered for the best re- 
sults. If the design of the optical system is such 
that the cutoff is complete at approximately 80 
degrees from nadir, spacings should not exceed 125 
feet; that is, the ratio of mounting height to spacing 
should not exceed 5. This prescription holds good 
regardless of the type of pavement. However, with 
light colored pavements 2,500 lumen Jamps are the 
minimum size permissible, and with dark pavements 
more difficult to light 4,000 lumen or even larger 
lamps should be used. If the luminaire is of a 
type that closely confines the light to 2 or 3 traffic 
lanes, adjustable mast arm supports from one side 
probably would satisfactorily accomplish the desired 
result in placement over the traffic lanes. Where 
highways are divided, as a double highway with a 
dividing plot between the roadways, each side should 
be considered as a separate highway and a double 
system of luminaires should be installed. Whether 
it would be better to have a single row of twin stand- 
ards along the middle plot or set up 2 rows of poles 
along the outer edges of the highway right of way de- 
pends upon local conditions of electrical distribution, 
cost of installation and methods of maintenance, etc. 

For 4 lane highways incandescent lamp luminaires 
giving a wider transverse spread should be employed. 
If the cutoff is complete at 80 degrees the staggered 
125 foot spacing (ratio mounting height to spacing 
of 5) must be employed but for light colored pave- 
ments 4,000 lumen lamps are the permissible mini- 
mum size. If, the cutoff is not complete at 80 de- 
grees, that is, if there is some light at the higher 
angles, the spacing-mounting ratio may be increased 
to 8 with good results, which means that with a 
mounting height of 25 feet the spacing may be in- 
creased to 200 feet. With dark pavements of the 
diffuse type the spacing should be reduced to 125 


feet and the 6,000 lumen lamp should be the mini- 
mum employed. 

With the sodium vapor luminaire (figure 20) 
using the 10,000 lumen lamp, excellent results have 
been secured on all types of highways with maxi- 
mum spacings of 250 feet on light pavements and 
minimum spacings of 125 feet on dark pavements. 
Figure 21 shows that so far as the efficiency of utiliza- 
tion is concerned, the sodium vapor luminaire is at 
its best on the wider highways; however, this may 
not be the only consideration because as a rule there 
are many other factors to be weighed in arriving at a 
decision in any given case. For example, in the 
lighting of the General Edwards Bridge which has a 6 
lane roadway paved with black diffusing crushed 
stone, the sodium luminaires are spaced 100 feet 
apart and opposite, yet the illumination is not ex- 
cessive (figure 22). 

In many highway installations the omission of 
seemingly unimportant details at the time of in- 
stallation has given rise later on to severe criticisms 
of the lighting results. It is important therefore to 
arrange in advance by a visual survey the placement 
of luminaires at the crests of hills and grades. More- 
over, the axis of the luminaire should be normal to 
the surface of the roadway, thus obviating glare and 
conserving the light (figure 23). At clover-leaf inter- 
sections, circles, and underpasses even greater care 
should be exercised in the selection and placement of 
the lighting units since the difference in roadway 
levels may result in glaring sources at levels near the 
eye. For such cases shading luminaires are avail- 
able and must be employed if confusion at these 
danger spots is to be avoided. 


FUTURE OF HiGHWay LIGHTING 


In the foregoing text the author has endeavored to 
present a highly technical problem in a practical 
manner, for it is his belief that greater progress in 
satisfactory highway lighting can be made in the fu- 
ture if the underlying principles are generally known 


Fig. 22. 


Sodium vapor lighting of the General 
Edwards Bridge between Lynn and Revere, Mass., 
with luminaire shown in figure 20 
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and avoidable mistakes thereby prevented. Unfor- 
tunately in some respects, the eye is the sole judge of 
the results secured in any given case, but all eyes are 
not alike. Moreover, a type of installation that is 
satisfactory in one set of conditions may be quite 
unsatisfactory in another location where the general 
conditions may be the same, but quite different in 
important details. However, it is clear that im- 
portant advances in both the art and in the tools 
of the lighting engineer have occurred recently and 
that great strides in the application of highway light- 
ing may be expected as a result in the immediate 
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future. No one questions that there is a need for 
highway lighting. Statistics prove that it is justi- 
fiable from the broad economic viewpoint. Even the 
faulty installations of the past have proved the 
worth of illumination on the highway. Therefore is 
it not reasonable to expect even greater results from 
the modern systems of highway lighting now avail- 
able? 
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Of Institute and Related Activities 


The A.I.E.E. Summer Convention 
This Month at Pasadena, California 


Au is in readiness for the 52d annual 
A.I.E.E. summer convention to be held at 
Pasadena, Calif., June 22-26, 1936, with 
headquarters in the Huntington Hotel. 
The summer convention committee with 
R. W. Sorensen, chairman, has arranged an 
excellent program. In addition to the busi- 
ness features, sports, trips, and entertain- 
ment have not been overlooked. Pasa- 
dena, by virtue of its location, provides an 
ideal setting with the most favorable of 
climatic conditions and places of interest 
which may be visited. For a more com- 
plete account of the convention features, 
including both preconvention and postcon- 
vention trips, as well as transportation and 
hotel facilities, see ELECTRICAL ENGINEER- 
ING for May, pages 554-8. 


TECHNICAL SESSIONS 


Many interesting and timely papers will 
be presented and discussed at the 9 techni- 
cal sessions which have to do with a variety 
of subject matter—electrophysics, condtuc- 
tor vibration, power transmission, electrical 
machinery, electrical measurements and 
selected subjects, transformers, iilumina- 
tion, protective devices, and current as- 
pects of engineering education. The con- 
solidation of views brought about through 
the discussions by well-known eastern and 
western engineers is expected to provide 
valuable engineering information. 

The technical program, as given in ELEC- 
TRICAL ENGINEERING, for May, page 555, 
will be the final technical program. The 
name of C. P. Garman, Bureau of Power 
and Light, City of Los Angeles, should have 
been given as co-author with A. J. Bowie of 
the paper ‘287 Kv Boulder Dam Discon- 
necting Switches,’ and O. W. Eshbach, 
American Telephone and Telegraph Com- 
pany, has become co-author with Morland 
King of the paper “Engineering Education 
—Opinions and Influencing Factors.”’ 


TECHNICAL CONFERENCES 


Arrangements are being made to schedule 
6 or 7 technical conferences or informal 
round table meetings during some of the 
afternoons. Neither the papers and the 
talks nor the conclusions reached at these 
conferences are scheduled for publication, 
but those who attend will profit by the ex- 
change of views. The objectives or agenda 
for several of these conferences available to 
date are given in the following paragraphs. 

High Voltage X Ray Tubes and Allied 
Apparatus. This conference, with J. P. 
Youtz presiding, will probably consider a 
multiplicity of electrical problems that have 
risen in connection with the operation of 
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high voltage X ray tubes. Dr. C. C. Laur- 
itsen of the California Institute of Tech- 
nology, who has developed and used the 
million volt X ray tube, probably will lead 
the discussion. 

Mechanical Properties of Electrical Con- 
ductors. This conference, with probably 
F. C. Lindvall presiding, will be of great 
benefit to all engineers interested in conduc- 
tors, conductor failures, and the expected 
life. The discussion at this conference may 
be started by Alex Goetz of the physics de- 
partment of California Institute of Tech- 
nology, who has done work with regard to 
the crystal structure of materials that prob- 
ably has not been done anywhere else in the 
United States. An outline of some of his 
experiments on inaterials and a discussion 
of the meaning of fatigue will be most profit- 
able. 

The Use of Electronic Tubes in Industry. 
Electronic developments in general will 
probably be considered at this conference 
with W. C. White of the General Electric 
Company presiding. The scope of the 
conference will include also the timing of 
short intervals by electronic means, which is 
of particular interest to the airplane indus- 
try in California in connection with the 
quick welding and the fabrication of 
airplanes. 

Synchronous Machines. This conference, 
with Prof. B. L. Robertson presiding, in all 


probability will be limited to synchronous 
machines, but may include other types of 
rotating machines and especially induction 
machines. The conference probably will 
be held after a session on electrical ma- 
chinery so that the authors may meet infor- 
mally with others interested and talk more 
in detail about the general subject of their 
papers. The general subject of the present 
performance of synchronous machines, 
both from the theory and testing method 
points of view, also has been suggested. 

General Transformer Problems. This con- 
ference will be presided over by J. E. Clem, 
chairman of the transformer subcommittee 
of the committee on electrical machinery. 
Among the subjects that will be discussed 
are the following: 


1. Insulation level for transformers. 


2. Bushings and bushing troubles. 


oo 


Drying out transformers. 


~ 


. Use of reclaimed or new oi! after transformer 
has been reconditioned. 


5. What transformer might be subject to further 
standardization. 


Any other subjects that those attending 
may propose wili be discussed as fully as time 
permits. 


STUDENT SESSIONS 


The following papers by students are 
scheduled for presentation at the student 
sessions: 


A 30 Kw HicH Vo.ttrace D-C Suppry ror X Ray 
Use, R. L. Hand, California Institute of Tech- 
nology, Pasadena. 


Mt. Wilson Observatory, oniy an hour's drive from Pasadena, Calif., will be visited by many 
of those attending the Institute’s 1936 summer convention 
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Corr MATERIALS FOR AupIo FREQUENCY TRANS- 
Formers, J. B. Powers, University of California, 
Berkeley. 


Tur ConTROL OF THE REGULATION AND STABILITY 
or Lone Distance A-C Power Lines, James 
Miller, University of Idaho, Moscow. 


Errect or HIGH FREQUENCY RADIATION on LIVING 
Crtis, R. M. Hanson, Montana State College, 
Bozeman. é 
Herat TRANSFER Erriciency or Evectric RANGE 
Surrace Units, W. James Walsh, Oregon State 
Agricultural College, Corvallis. 

PHOTOELECTRIC COLOR SoRTING, H. W. Bartlett, 
Jr., University of Santa Clara, Calif. 


Tue Errect or DISK POSITION ON THE ACCURACY 
or Watt-Hour METERS, J. A. Harkness, Univer- 
sity of Southern California, Los Angeles. 


A System or Hicu Erriciency Grip Mopurarion, 
F. A. Everest, Stanford University, Calif. 

PowrR MEASUREMENTS AT HIGH FREQUENCY, 
Richard Borton, State College of Washington, 
Pullman. 


Tur Vacuum TuBE DISTORTION COMPENSATOR, 
J. S. Campbell, University of Washington, Seattle. 


Because of the large number of papers sub- 
mitted for these sessions, each school has 
been limited to one paper. 


VICTORVILLE INSPECTION TRIP 


An additional inspection trip is planned 
to Victorville, which is about 100 miles east 
of Los Angeles, to inspect one of 2 automatic 
switching stations on the Boulder Canyon 
287 kv transmission line. At this station 
are installed the highest voltage high speed 


switches in the world. Of particular inter- 
est will be supervisory control, telephone, 
and relays, operating by carrier current, 
and also 287 kv coupling capacitors. 


HOTEL RESERVATIONS 


The Huntington Hotel, convention head- 
quarters, has made a special rate for the 
convention of $6 per person per day, Ameri- 
can plan, for 2inaroom; $7 per day for one 
in aroom. For the price of meals and the 
rates of other hotels in Pasadena see ELEC- 
TRICAL ENGINEERING for May, page 558. 

Members should make their own hotel 
reservations by writing directly to the hotel 
of their preference. Reservations for stu- 
dents only who wish accommodations at the 
“Athenaeum,” California Institute of Tech- 
nology, should be made with Edward Sim- 
mons, chairman, A.I.E.E. California Insti- 
tute of Technology Branch, Pasadena, 
Calif. 


ADVANCE REGISTRATION 


Members who will attend the convention 
and who have received a return addressed 
advance registration card should fill in and 
post the card promptly, if they have not 
already done so. 

Nonmembers will be charged a registra- 
tion fee of $3; members $2; immediate 
families of members and Enrolled Students 
no charge. 


North Eastern District Meeting 
and Student Convention Held at New Haven 


More than 300 members, guests, and 
students attended a very successful 4 day 
meeting of the A.I.E.E. North Eastern Dis- 
trict held at New Haven, Conn., May 6-9, 
1936. The student convention, held in 
conjunction with the meeting, was repre- 
sented by counselors and students from the 
various Branches within the District. The 
campus of Yale University and the excellent 
facilities of Strathcona Hall, meeting head- 
quarters, lent added interest and color to a 
' program that was well arranged by the local 
committee. 

The opening session on Wednesday morn- 
ing was called to order by A. C. Stevens, the 
presiding’ officer, who introduced Vice 
President W. H. Timbie, who in turn wel- 
comed the members of the North Eastern 
District, as well as those from outside the 
District. He commented on several fea- 
tures of the program and especially urged 
the engineers present to attend the student 
session and to come and hear the address to 
be given by Samuel Ferguson, chairman of 
the board of the Hartford Electric Light 
Company, on Thursday morning. Presi- 
dent E. B. Meyer was introduced, and he 
addressed the assemblage with emphasis on 
the importance of association with other en- 
gineers and the value of friendship in busi- 
ness. At the conclusion of this address 
H. H. Henline, national secretary, referred 
to the excellent spirit of co-operation and 
work being done in the other Sections and 
Branches of the Institute, many of which he 
had visited recently. Following his re- 
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marks the remainder of the session was de- 
voted to a symposium on highway lighting. 


TECHNICAL SESSIONS 


In addition to the symposium on highway 
lighting, 3 other general sessions were held 
at which technical papers having to do with 
a variety of subjects were presented, mostly 
by authors residing within the District. In 
general, the presentations were closely fol- 
lowed by those in attendance, some of whom 
later discussed the papers or asked ques- 
tions which were answered by the authors. 

At the symposium on highway lighting 2 
addresses were given: one by C. A. B. Hal- 
vorson of the General Electric Company, 
and the other by L. A. S. Wood of the West- 
inghouse Electric and Manufacturing Com- 
pany and president of the Illuminating En- 
gineering Society. Mr. Halvorson de- 
scribed several of the modern light sources 
including the sodium vapor, mercury vapor, 
and capillary lamps. Mr. Wood gave some 
startling statistics on the number of night 
accidents and commented that, while safety 
campaigns had reduced the number of acci- 
dents occurring during daylight hours, they 
were ineffective in so far as reducing the 
number of accidents occurring after dark. 
He illustrated with lantern slides the value 
of street lighting by showing a man on the 
road at various distances from the driver. 
With the headlights on and the street lights 
off, under wet conditions, the object was 
not nearly so discernible as when the sil- 


houette effect was produced by the street 
lighting. Papers based upon both these 
addresses have been scheduled for presenta- 
tion at the A.I.E.E. 1936 summer conven- 
tion to be held June 22-26 at Pasadena, 
Calif., and both papers are published else- 
where in this issue. 

In a discussion of the subject, Robert 
Sparks advocated the use of polarized light. 
Other discussers thought that this might 
possibly be one solution of the problem but 
it was thought that the analyzer might 
block out too much light. Among the dis-— 
cussers of this subject was Dr. Clayton H. ~ 
Sharp, who had served a number of years 
on the original committee on motor vehicle 
lighting of the Illuminating Engineering 
Society with Mr. Halvorson, who gave the 
first address. 

One of the features of the technical ses- 
sions took place on Thursday morning in a 
general session with Past-President Chas. 
F. Scott presiding. Samuel Ferguson, 
chairman of the board of the Hartford Elec- 
tric Light Company, showed pictures and 
described conditions that existed during the 
flood this spring. Among the many pic- 
tures of noteworthy interest was the setting 


of a pole in 15 feet of water, which was ac- 


complished by means of lashing 4 oil bar- 
rels filled with rock to the butt of the pole; 
this may have been the first time that set- 
ting a pole under such adverse conditions 
has been accomplished. Following the de- 
scription of the flood conditions, Mr. Fergu- 
son gave an address ‘‘Do Rate Reductions 
Per Se Stimulate Use—An Argument in the 
Negative.” 

The chairman of the 2 other general ses- 
sions were R. S. Judd and C. T. Hughes. 
The program and a list of the papers pre- 
sented are given on page 417 of the April 
issue of ELECTRICAL ENGINEERING, with 
the exception of 2 additional papers pre- 
sented at the general session on Wednesday 
afternoon; these were ‘“‘Aging in Copper 
Oxide Rectifiers” by E. A. Harty of the 
General Electric Company, and ‘‘Fre- 
quency. Tripling Transformers” by J. L. 
Cantwell of the General Electric Company. 


DIstTRIcT EXECUTIVE 
COMMITTEE LUNCHEON 


The executive committee of the North 
Eastern District met at luncheon on Thurs- 
day, and held a brief business session after- 
ward, with Vice President W. H. Timbie. 
presiding. 

In connection with a discussion of general 
plans for a District meeting in May 1937, 
for which a request had been submitted, it 
was decided that the main headquarters 
should be in Buffalo, N. Y., but that it may 


Future AIEE Meetings 


Summer Convention, 
Huntington Hotel, Pasadena, Calif. 
June 22-26, 1936 


, 


South West District Meeting, 
Dallas, Texas, Oct. 26-28, 1936 


Southern District Meeting, 
Birmingham, Ala., Dec. 1936 


ELECTRICAL ENGINEERING 


_ The Texas Centennial Exposition to be held in Dallas from June 6 to November 29, 1936, offers an interesting side trip to 


many members on their way to or from the Institute's forthcoming summer convention at Pasadena, Calif. 


_ be desirable to have headquarters at Niagara 


Falls for one day. 

The committee decided to recommend to 
the A.I.E.E. publication committee that 
the address delivered at the Thursday 
morning session by Samuel Ferguson be 
published in ELecrricaL ENGINEERING. 

District Secretary A. C. Stevens reported 
upon the finances for the year and men- 
tioned plans for a special car to Pasadena, 
Calif., with stops at certain points of special 
interest, for those attending the Institute’s 
summer convention. He expressed the 
hope that some of the delegates of the Sec- 
tions in the North Eastern District might 
wish to join the party. 


ENTERTAINMENT 


The main social event, which was held on 
Thursday and which was well attended, 
consisted of an informal dinner and meeting 
at the New Haven Lawn Club, followed by 
dancing. After brief remarks by Vice Presi- 
dent Timbie, the toastmaster, and President 
E. B. Meyer, A. C. Stevens, secretary- 
treasurer of the North Eastern District, 
presented the District prizes for papers 
presented during the calendar year 1935. 
The prize for the best paper was presented to 
H. D. Braley and J. L. Harvey for their 
paper entitled ‘“‘Fault and Out-of-Step Pro- 
tection of Lines.” The prize for initial 
paper was awarded to H. M. Cushing for 
his paper entitled ‘““Design and Operation 
of Huntley Station No. 2.’”’ The prize for 
Branch paper was presented to W. R. Harry 
of Cornell University for his paper entitled 
“A High Sensitivity Vacuum Tube Volt- 
meter.” 

After the prizes were presented the toast- 
master introduced Prof. H. E. Edgerton, of 
Massachusetts Institute of Technology, 
Cambridge, who gave a very interesting 
demonstration showing motion pictures of 
various slow motion effects produced by 
means of the high speed motion picture 
camera employing stroboscopic light. 
Some of the slow motion pictures, such as a 
carrier pigeon taking off on flight, the anal- 
ysis of golf and tennis strokes, and the 
dropping of a ball bearing into a pail of milk, 
produced striking effects of extreme grace 
and beauty. This development and inves- 
tigation which is being conducted at M.I.T. 
may prove to be of considerable scientific 
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value, particularly in the field of aero- 
nautics. 

During the dinner the orchestra rendered 
classical selections, and after the demonstra- 
tion dancing was enjoyed. 

On Wednesday, the preceding evening, 
many members and guests enjoyed a play 
“The Mercenary Match,’ presented by the 
Yale department of drama, which was very 
well done. The play, with its setting in 
Boston, Mass., in the year 1786, possessed 
considerable historical interest, as it was the 
first play written by a student of Yale Uni- 
versity, Barnabas Bidwell, class of 1786. 
“The Mercenary Match,” originally de- 
scribed as a domestic tragedy, is thought 
by some to have been intended deliberately 
as a satire on contemporary English dramas. 

In addition to the foregoing entertain- 
ment, the ladies’ entertainment committee 
arranged a busy program, consisting of a 
tea, a drive through New Haven parks, a 
visit to the gallery of the Yale School of 
Fine Arts, inspection of the University 
buildings, and a luncheon-bridge at the 
Faculty Club. 


STUDENT TECHNICAL SESSION 


On Friday morning a student technical 
session was held, which was well attended 
by a large delegation of students and inter- 
ested engineers. Nine technical papers 
were presented by the students, and each 
paper was from a different Student Branch 
representing more than half of the 16 
Branches within the District. Mest of the 
papers had been given considerable care in 
preparation and attention was given also to 
delivery and presentation. Richard Porter 
of Yale University acted as chairman. 
The following papers were presented: 


THe CATHODE Ray TuBE AS A VOLTMETER AT 
Uxttra-Hicnw Rapio FREQUENCIES, L. L. Libby, 
Worcester (Mass.) Polytechnic Institute. 


ELECTRICITY IN THE FreL_D OF MEDICINE, T. N. 
Wilcox, Massachusetts Institute of Technology, 
Cambridge. 


Earty Events IN ALTERNATING CURRENT HIs- 
tory, F. B. Hunt, University of Vermont. Burling- 
ton. 


A HicuH SPEED VIBRATION ANALYZER, W.R. Harry, 
Cornell University, Ithaca, N. Y. 


FREQUENCY MouttipLiers, R. F. Huminski and 
E. M. Williams, Yale University, New Haven, 
Conn. 


EXTENDING THE SCOPE OF THE CATHODE RAy 
OSCILLOGRAPH FOR LABORATORY Usp, R. K. Saxe 
and R. B. Shimer, Northeastern University, Boston, 
Mass. 


THE EFFECTS OF OXIDATION AND MOISTURE ON 
INSULATING O1Ls, J. A. Kaup, Tufts College, Mass. 


INDUCTION HEATING AT COMMERCIAL FREQUENCY, 
E. G. Ball, Rensselaer Polytechnic Institute, Troy, 
INDE 


RANDOM OBSERVATIONS OF THE BRUSH-SHIFT 
ADJUSTABLE SPEED Moror, R. P. Richard, III, 
Clarkson College of Technology, Potsdam, N. Y. 


President Meyer addressed the students, 
remarking that good men are needed now as 
they always will be. He emphasized the 
importance of character development and 
explained that one of the failings of engi- 
neers in general was the lack of ability to 
express themselves clearly, but that the In- 
stitute through its work in the Sections and 
Branches offers engineers and students a 
means of development along these lines. 

At the conclusion of the session the judges 
considered the 9 presentations and awarded 
the first cash prize of $10 to L. L. Libby, 
Worcester Polytechnic Institute; second 
prize of $5 to T. N. Wilcox, Massachusetts 
Institute of Technology, and third prize of 
$3 to E. G. Ball, Rensselaer Polytechnic In- 
stitute. The awards were based only on 
the presentations of the papers and not on 
their contents. 


LUNCHEON CONFERENCE OF 
COUNSELORS AND BRANCH CHAIRMEN 


i 


The Branch counselors and chairmen, 
District officers, and a few guests attended 
a luncheon meeting on Friday, which was 
held as the annual District conference on 
student activities. Prof. W. B. Hall, chair- 
man of the District committee on student 
activities, presided. Announcement of the 
award of prizes for papers presented during 
the student technical session, as reported 
in another paragraph, was made. 

There was an extensive discussion of the 
importance of the national and District 
prizes offered by the Institute, and Branch 
counselors and chairmen were urged to en- 
courage students to submit more papers for 
consideration. The desirability of having 
suitable prizes available for graduate stu- 
dents rather than having them compete 
with practicing engineers for the initial 
paper prizes, or having undergraduates in 
competition with graduates, was discussed 
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in considerable detail. The conference 
voted to recommend that an additional 
prize be established for graduate students 
who are enrolled in the Institute. 

The difficulties encountered in the grad- 
ing of student papers were discussed, and the 
chairman was requested to appoint a com- 
mittee to make recommendations. 

There was some discussion of the desir- 
ability of including in ELECTRICAL ENGI- 
NEERING more papers of special interest to 
students. However, it was thought by 
several that the seniors and recent graduates 
are in better position to understand many 
of the technical papers than are the practic- 
ing engineers whose work has taken them 
away from the more theoretical aspects of 
electrical engineering. 

Prof. F. N. Tompkins, counselor of the 
Brown University Branch, was elected 
chairman of the District committee on stu- 
dent activities for the year beginning August 
1, 1936, and Profs. E. M. Strong and E. A. 
Walker, counselors of the Cornell Univer- 
sity and Tufts College Branches, respec- 
tively, were elected to serve with him on the 
counselor’s executive committee. 


INSPECTION TRIPS 


A number of interesting inspection trips 
to places of interest and to industries of 
New Haven and vicinity were offered by 
the inspection trips committee under the 
chairmanship of E. D. Lynch. On Thurs- 
day afternoon a large number of members 
and students inspected transportation 
equipment of the New York, New Haven 
and Hartford Railroad at the New Haven 
Station and the plants of the Wallingford 
Steel Company and the R. Wallace and 
Sons Manufacturing Company. 

At the New Haven station modern elec- 
tric freight and passenger locomotives and 
a mountain type steam locomotive were 
inspected, as well as the Ansonia, Derby, 
and Birmingham locomotive which was 
operated in 1888 and was probably the first 
electric freight locomotive in existence. 
This locomotive, which was on the same 
track with the modern locomotives, and 
which was similar to an early horse-drawn 
car but propelled by a 600 volt d-c motor 
and a chain drive, strikingly depicted the 
progress in motive power for transporta- 
tion during the past 50 years. 

Later, a special air-conditioned train was 
taken to Wallingford where the various 
sizes of mills for converting flat hot-rolled 
strip steel into flat cold-rolled strip steel of 
different degrees of hardness were inspected 
during several stages of operation. After 
inspection of the steel mill, the adjacent 
plant of R. Wallace and Sons Manufactur- 
ing Company, where, after pickling, the 
steel is punched out into a variety of kitchen 
utensils, knives, forks, and spoons, was 
visited. Courteous guides explained the 
various operations of tinning and plating 
and most of the machinery employed was 
designed by the engineers of this company. 
The production of silverware from the ingot 
to the finished product were seen in the vari- 
ous stages of process. Silver shod spoons 
were given as souvenirs to those in the party, 
and the ladies on the trip found the finished 
products of silverware on display of con- 
siderable interest. 

On Friday evening the equipment build- 
ing of Southern New England Telephone 
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Company was visited by a number of mem- 
bers and students. This telephone ex- 
change serves approximately 36,000 ter- 
minals. The inspection offered those not 
directly connected with the communication 
field an opportunity to see the equipment 
for handling a large number of messages 
expediently, which so frequently are put 
forth without appreciating the intricacies 
involved. 

On Saturday morning a number visited 
the plant of the Sikorsky Aircraft Company 
in Bridgeport, where the detailed construc- 
tion of airplanes was seen first hand in all 
stages of production. It was at this plant 
where large transport planes, such as the 
type of the Pan American Clipper, were 
fabricated. The trip was evidence of the 
increasingly popular interest in aeronautics. 


Analysis of Registration at North Eastern 
District Meeting 


Location 

Classi- Connecticut District Other 
fication Section No. 1* Districts Total 
Members... 400. O45 ck 62s kaxeoetiese 138 
Stidentsecc acces LV Mente 1032eee 9.....129 
Men Guests....... SO es Silt eave Cae 15 
Women Guests..... 1 We ae ee pps Gein inert) 

Totals yan eS Sab. TS5e sesed SS oLO) 


*Exclusive of Connecticut Section Territory. 


Student Conference Held 
by Southern District 


A conference of Student Branches in the 
Institute’s Southern District (Number 4) 
was held April 16-18, 1936, at Clemson 
College, S. C. The Branches in the Dis- 
trict were well represented, 142 counselors 
and Enrolled Students being present. 

The program included several technical 
papers by Students, social and entertain- 
ment features, and inspection trips to 
Saluda Dam and Tallulah Falls hydro- 
electric plants. The following student 
papers were presented: 


A Vacuum TuBE VOLTMETER, C. T. Coffey, Georgia 
School of Technology. 


A History oF ALTERNATING CURRENT IN THE 
UNITED STATES, H. W. Jeffcock, University of 
Alabama, University. 


A SELF-CONTAINED A-C IMPEDANCE BRIDGE, Ben 
Ragland, University of Kentucky, Lexington. 


THE LOCATION OF TROPICAL STORMS BY MEANS 
OF THE CATHODE Ray OscILLoGRaPH, Wayne 
Mason, University of Florida, Gainesville. 


ENGINEERING EDUCATION AT THE UNIVERSITY OF 
Fioripa, A. C. Ewert, University of Florida, 
Gainesville. 


BRINGING RADIO TO THE RURAL Home, G. F. 
Rogers, The Clemson Agricultural College, S. C. 


The papers presented by the students 
who had won places on the program were 
of high order. Prizes were awarded as 
follows: G. F. Rogers, first; Wayne Ma- 
son, second; and C. T. Coffey, third. 

The next conference will be held in Bir- 
mingham, Ala., in connection with the 
Institute’s forthcoming Southern District 
meeting which is scheduled to be held early 


in December 1936. The Alabama Poly- 
technic Institute and University of Alabama 
Branches will be joint hosts. 


E.C.P.D Seeks Uniformity 
in Engineering Degrees 


On several occasions, educators in the 
field of engineering and members of engi- 
neering societies have concerned themselves 
with the lack of uniformity in engineering 
degrees and the consequent confusion aris- 
ing from the various practices of engineering 
schools. The Society for the Promotion of 
Engineering Education has had 3 different 
committees and reports on the subject, 
and the Engineers’ Council for Professional 
Development has recognized the problem 
in the deliberations of its committee on 
professional recognition. 

The latest reports of the $.P.E.E. com- 
mittee on degrees in engineering, presented 
at the Ithaca, N. Y., meeting in 1934, con- 
tained provisions for unifying the names of, 
and requirements for, engineering degrees, 


‘including honorary degrees. The committee 


on professional recognition of E.C.P.D. 
heartily concurred in this report, with one 
exception, and urged its adoption as a step 
in clarifying the indefiniteness of the present 
situation. The single exception was taken to 
the proposal to abandon completely the 
professional degree, and E.C.P.D. expressed 
the hope that this proposal would receive 
further consideration by S.P.E.E. before 
adoption. 

Using civil engineering as an example 
typifying the lack of uniformity and 
confusion in all engineering degrees, 
S.P.E.E. found the following forms of the 
first, or bachelor’s, degree: 


Bachelor of Arts 

Bachelor of Science 

Bachelor of Science in Engineering 
Bachelor of Science in Civil Engineering 
Bachelor of Engineering 

Bachelor of Civil Engineering 

Civil Engineer 


In contrast to this diversity, the S.P.E.E. 
committee recommended the following plan 
for engineering degrees, again using civil 
engineers as an example: 


Type Degree 
Bachelor’s Bachelor of Civil Engineering (B.C.E.) 
Master’s Master of Civil Engineering (M.C.E.) 
Doctor’s Doctor of Civil Engineering (D.C.E.) 
Honorary Master of Engineering (M.Eng.) 
Honorary Doctor of Engineering (D.Eng.) 


Professional Civil Engineer (abandon as earned or 
honorary) 


In order to get a consensus of opinion on 
this plan, S.P.E.E. submitted the recom- 
mendations to letter ballot, with the follow- 
ing results: 


Degrees Earned Votes in Per Votes 
in Course Favor Cent Opposed 
Bi ClE aos ate cre 657s. ereer SLia ae 152 
Mi Ci eens 650M ces SL cee 150 
D.C. Ex. th ees 639i) ecco otc 80'.1,.Serae 156 
Honorary Degrees 
M-Engireseees 666\j cee SBinacih cetes 116 
D Engine (Piso oouod 90). elena 78 
Discontinue 
Professional 
Cob Sisianee tae ATA. crests Li Ur ries 304 
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Total ballots numbered 813 out of a mem- 
bership of 2,325, representing 160 institu- 
tions, with 50 voters outside of faculties. 
The significance of the ballot is outstanding, 
and the results more than ordinarily con- 
clusive. With the exception of the vote 
favorable to abandonment of the pro- 
fessional degree (C.E.) the results are also 
in accord with the preference of the com- 
mittee on professional recognition of 
E.C.P.D. The latter organization had 
proposed that the professional degree 
might be granted only to experienced engi- 
neers who otherwise had met the require- 
ments for certification into the profession. 


1936 Lamme Medal 


Nominations Due Nov. 1 


Special attention is directed to the fact 
that the names of Institute members who 
are considered eligible for the Lamme 
Medal, to be awarded in the fall of 1936, 
may be submitted by any member in ac- 
cordance with Section 1 of Article VI of the 
by-laws of the Lamme Medal committee, 
as quoted in the following: 


The committee shall cause to be published in one 
or more issues of ELECTRICAL ENGINEERING, or of 
its successors, each year, preferably including the 
June issue, a statement regarding the “Lamme 
Medal” and an invitation for any member to pre- 
sent to the national secretary of the Institute by 
November 1, the name of a member as a nominee 
for the medal, accompanied by a statement of his 
“meritorious achievement’? and the names of at 
least 3 engineers of standing who are familiar with 
the achievement. 


Each nomination should give concisely 
the specific grounds upon which the award 
is proposed, and also a complete detailed 
statement of the achievements of the nomi- 
nee to enable the committee to determine 
its significance as compared with the 
achievements of other nominees. If the 
work of the nominee has been of a some- 
what general character in co-operation with 


Membership— 
Mr. Institute Member: 


others, specified specific information should 
be given regarding his individual contribu- 
tions. Names of endorsers should be given 
as specified above. 

The Lamme Medal, founded as a result 
of a bequest of the late Benjamin Garver 
Lamme, chief engineer of the Westinghouse 
Electric and Manufacturing Company (de- 
ceased July 8, 1924), provides for the an- 
nual award by the Institute of a gold medal 
—together with bronze replica thereof— 
to a member of the A.I.E.E. ‘‘who has shown 
meritorious achievement in the develop- 
ment of electrical apparatus or machinery”’; 
and for the award of 2 such medals in some 
years if the accumulation of funds warrants. 

The eighth (1935) Lamme Medal has been 
awarded to Dr. Vannevar Bush (A’15, 
M’19, F’24), vice president of the Massa- 
chusetts Institute of Technology, and dean 
of the school of engineering, “for his develop- 
ment of methods and devices for applica- 
tion of mathematical analysis to problems 
of electrical engineering.’”’ Presentation will 
be made during the A.I.E.E. summer con- 
vention at Pasadena, Calif., June 22-26, 
1986. <A brief biographical sketch of Dr. 
Bush appeared in ELECTRICAL ENGINEER- 
ING for March 1936, page 318. 


Student Conference Held 
by North Central District 


On Saturday, April 18, 1936, the ninth 
annual conference of Student Branches in the 
A.J.E.E. North Central District (Number 
6) was held at the University of Colorado, 
Boulder. In conjunction with the Student 
Conference, a technical conference on elec- 
tric power and communication problems 
was held on Friday, April 17, under spon- 
sorship of the university. This was at- 
tended by about 190, which included most 
of those attending the Student Branch 
conference as well as many members of the 
Institute’s Denver Section. 


Your participation in the work of the membership committee by 
sending in names, together. with the splendid co-ordinated activity 
of the Section membership committees, has resulted to give a net in- 
crease in membership for the fiscal year ending April 30, 1936, 
which is the first yearly increase recorded since 1931. The figures 


alee 


As of April 30, 1935 
44,953 


As of April 30, 1936 
14,600 


We ask for your continued participation in sending in names as 


requested in our letter of April 8. 


_ 


Chairman, National Membership Committee 


JuNE 1936 


About 40 delegates and guests attended 
the Student conference on Saturday morn- 
ing. R. H. Fair, vice president of the 
A.I.E.E. North Central District, presided. 
The following topics were discussed: 


1. How to sell A.I.E.E. to the students, 
2. Should A.I.E.E. meetings be given credit for 
seminar? 


8. Should A.I.E.E. meetings assume a more social 
status, and should a larger fee be charged for local 
programs? 


4. How frequently should meetings be held? 
5. Should underclassmen be encouraged to at- 


tend meetings, or should the meetings be limited 
to upperclassmen? 


In the discussion of topic 1, various means 
of making the student cognizant of the 
many advantages of Institute membership 
were advanced. The value of interesting 
meeting programs was stressed. In dis- 
cussing topic 2, the question involved was 
unanimously answered in the negative. 
In regard to topics 3 and 4, it was generally 
agreed that meetings should involve a fellow- 
ship among the engineers not of a purely 
social nature, but rather in the form of a 
men’s chib for the discussion of professional 
progress; it was generally agreed that 
meetings should be held about every 2 
weeks. A general conclusion concerning 
topic 5 was that a compromise program for 
upperclassmen and underclassmen should be 


arranged. 
Prof. W. H. Gamble of the South Dakota 
State College, Brookings, was elected 


chairman of the committee on Student 
activities for the coming year, and it was 
decided that the conference of 1937 should 
be held at that institution. 

The technical conference held on Friday 
included the following papers: 


METHODS OF SUPPRESSING FAULTS ON POWER Sys- 
TEMS, W. W. Lewis (A’09, M’13) General Electric 
Company, Schenectady, N. Y. 


ELECTRICAL FEATURES OF THE BOULDER CANYON 
Powrr Priant, L. N. McClellan (A’14, M’26) 
U.S. Bureau of Reclamation, Denver, Colo. 


Woop POLES, PESTS, AND PRESERVATIVES, R. W. 
Linsday (A’35) Mountain States Telephone and 
Telegraph Company, Denver, Colo. 


EartTH CHARACTERISTICS IN REGARD TO ELECTRIC 
CurREnTS, L. M. Robertson (A’27) Public Service 
Company of Colorado, Denver. 


Papers by electrical engineering faculty 
members of the University of Colorado 
included: 


TELEMETERING SYSTEMS, 
(M'23). 


C. M. McCormick 


ELEcTRIC AND MacGneric Fietp Maps, H. B. 
Palmer (A’25, M’35). 


NoIsE SILENCING IN RADIO RECEIVING SYSTEMS, 
W. L. Cassell (A’25). 


A New Tyre or Orm-Less Circuir BREAKER, 
Frank Eastom (A’21, M’35). 


The conference program also included an 
inspection of the electrical engineering 
laboratories at the university, a demonstra- 
tion of a new circuit breaker, and operation 
of a lightning impulse generator, grid con- 
trolled rectifier tubes, and a high voltage 
d-c transmission system. The conference 
was under the general direction of Dean 
H. S. Evans and Prof. W. C. Du Vall of 
the department of electrical engineering of 
the University of Colorado. Donald M. 
Nicholson, chairman, University of Colo- 
rado Branch, acted as secretary of the 
conference in the absence of the District 
secretary. 
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Section and Branch Activities 
Annual Report for 1935-36 


Tue following constitutes the annual 
report on Institute Section and Branch 
activities for the fiscal year which ended 
April 30, 1936. Similar information for 3 
preceding fiscal years appeared in ELEC- 
TRICAL ENGINEERING for June 1935, pages 
674-75; June 1934, pages 1027-29; and 
June 1933, pages 726-28. 

The names of present members of the 
Sections committee and the committee 
on Student Branches, which supervise the 
2 important divisions of Institute activities 
covered by this report, are: Sections— 
I. M. Stein, chairman, Mark Eldredge, 
O. W. Eshbach, F. A. Hamilton, Jr., A. P. 
Hill, W. H. Timbie, and, ex-officio, the 
chairmen of all Sections of the Institute. 
Student Branches—O. W. Eshbach, chazr- 
man, R. B. Bonney, L. A. Doggett, F. O. 
McMillan, C. F. Scott, G. C. Shaad, W. H. 
Timbie, and, ex-officio, all Student Branch 
counselors. 


SecTION ACTIVITIES 


Nearly all the Sections carried on a 
normal amount of activity during the year, 
and, although no new Sections were organ- 
ized, the total number of meetings held 
was the largest ever reported—540. Several 
prospective new Sections are being dis- 
cussed. 

Interest in technical groups and special 
technical meetings as means of supplying 
types of activities desired by members of 
Sections has materially increased. The 
New York and Chicago Sections attained 
the usual success in the conduct of their 
group activities. The special technical 
meetings of the San Francisco Section have 
successfully met a real need. The Port- 
land Section organized 2 additional tech- 
nical committees, (1) electrochemistry and 
electrometallurgy and (2) illumination, 
making a totalof 5. The Cleveland Section 
organized a technical division dealing with 
motors and control, and expects to form 
other divisions later. The Niagara Fron- 
tier Section decided to organize 2 technical 
discussion groups, (1) generation, trans- 
mission, and distribution of. electricity, 
and (2) electrical communication. The 
Schenectady Section held a series of 5 
technical discussion meetings, each pre- 
ceded by a dinner, with an average at- 
tendance of about 70. The Sharon Section 
held 2 technical discussion meetings. 

The Boston and Lynn Sections held 
their annual joint meeting for competition 
among their members for prizes of $25, 
$20, $15, and $10, with 4 selected papers 
from each Section presented by their au- 
thors. The Pittsfield and Schenectady Sec- 
tions held their seventh annual competition 
among members not over 80 years of age 
presenting their initial papers. Two prizes 
of $15 and $10 were presented at each of 
2 meetings, one held in each city. - The 
winning Section holds the F. F. Brand cup 
during the succeeding year. The Schenec- 
tady Section held its third annual test 
men’s competition, with 6 papers presented 
and prizes of $10 and $5 awarded. The 
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Seattle Section held its annual meeting for 
competition among its members for a $25 
prize for best paper. 

The power group of the New York 
Section has been conducting courses in 
structures, effective speaking, review of 
electrical engineering, and _ electronics. 
Courses in economics and business law are 
under consideration. A comprehensive re- 
port on the activities of the power group 
was published on pages 421-22 of EvEc- 
TRICAL ENGINEERING for April 1936. 

The Philadelphia Section conducted a 
course in electronics limited to members of 
the Institute, during a period of 18 weeks, 
with a fee of $12 paid in advance. 
enrollment was 53, more than twice the 
estimated number, and it was necessary 
to conduct the work in 2 classes. The 
enthusiasm was so great that the Section 
was requested to repeat the course next 
year, provide a continuation course, and 
offer courses covering mathematics review, 
electrical theory review, etc. 

The St. Louis Section planned a joint 
meeting with the Student Branches at 
Washington University, Missouri School 
of Mines and Metallurgy, and University 
of Missouri, to be held on May 15, with 
prizes offered for the best papers. The 
Washington Section held its second annual 
“college night’? meeting on April 16, with 
a program composed of talks on social and 
economic problems of interest to engineers 
by representatives of the 3 local Student 
Branches, including the Branch recently 
organized at the University of Maryland. 
A considerable number of Sections con- 
tinued their well established practice of 
holding meetings with programs supplied 
by neighboring Student Branches. 

The Urbana Section and the University 
of Illinois Branch held an unusually in- 
teresting joint meeting, combining a lecture 
on the electric organ with a recital on that 
instrument by a well known organist. The 
attendance was about 2,000. 

Detailed information on Section meetings 
during the past year appears in table I, 
and table II contains a brief summary of 
such meetings held during the past 3 years. 


BRANCH ACTIVITIES 


In March 1936, a Student Branch was 
organized at the University of Maryland, 
bringing the total number to 118. 

Many of the Branches held large numbers 
of meetings, and the total number—1,045— 
reported for the year exceeds the total of 
each of the 3 preceding fiscal years. Eleven 
Branches held more than 15 meetings each, 
59 held from 8 to 15, 30 held from 4 to 7, 
and 14 held from 1 to 8, leaving among the 
total number of 118 Branches only 4 which 
reported no meetings. 

Students presented 10 papers in 2 regular 
sessions of the Pacific Coast convention, 
and 15 papers during one of the sessions of 
the Great Lakes District meeting. Some of 
the Branches have shown increased interest 
in papers by students. Students have been 
keenly interested in opportunities to present 
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Table I—Section Meetings Held During Year : 


Ending April 30, 1936 
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Table II—Section Meetings Held During Last 


3 Fiscal Years 


Fiscal Year Ending April 30 


1934 1935 1936 
Number of Sections. . 61 61 61 
Number of meetings 
ele et eie lf scioai c 472 521 540 
Average number of 
MMCCTINGS 65 VW oss rested 8.5 8.9 


Total attendance..... 
Average attendance 


per meeting........ 156 


141 


73,271 ..73,381 ..85,501 
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Table IlI—Branch Meetings Held During Year 
Ending April 30, 1936 
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Table VillI—Section or Joint Section and Branch Meetings With Active Student Participation 
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each class for presentation at a Branch 
meeting in competition for the prizes. 

During the past fiscal year, 1,991 students 
applied for enrollment, and the total enroll- 
ment on April 30 was 4,049. About 50 
per cent of the 1,226 whose periods of 
enrollment expired at that time applied 
for admission as Associates. 

Comprehensive information on Branch 
activities during the year is given in tables 
III to VII. 


Institute Prize Awards 


SECTIONS AND BRANCH 
Joint MEETINGS 


As indicated hereinbefore, the keen 
interest in co-operation between Sections 
and Branches has continued to receive 
much emphasis, and the opportunities thus 
afforded the students are deeply appre- 
ciated by them. Table VIII contains 
brief information on some of the outstand- 
ing examples. 


Announced for 1935 Papers 


Five national prizes for papers pre- 
sented during the calendar year 1935 
have been announced by the committee 
on award of Institute prizes, which con- 
sists of W. R. Smith (M’18, F’30), chair- 
man, C. O. Bickelhaupt (M’22, F’28), 
R. N. Conwell (A’15, F’31), and F. M. 
Farmer (A’02, F’13). Each prize consists 
of a suitable certificate. Personal presenta- 
tion of the prizes will take place at the 
opening session of the Institute’s summer 
convention to be held at The Huntington 
Hotel, Pasadena, Calif., June 22-26, 1936. 
Authors presenting papers which are 
eligible for future prizes should bear in 
mind the following: All papers approved 
by the technical program committee and 
presented at national conventions or 
District meetings will be considered for the 
national best paper prizes and the national 
initial paper prize automatically. All other 
papers which were presented at Section, 
Branch, or student meetings in order to re- 
ceive consideration for national prizes 
must be submitted in triplicate with written 
communications to the national secretary 
on or before February 15 of the following 
year. Papers which are to receive con- 
sideration for District prize awards must be 
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submitted in duplicate by the authors or 
by the officers of the Branch, Section, or 
District concerned to the District secretary 
on or before February 15 of the following 
year. 


NATIONAL PRIZES 


After due consideration of all highly 
recommended papers, the committee on 
award of Institute prizes made the follow- 
ing awards of national prizes for papers 
presented in 1935: 


Best PAPERS 


Best Paper in Engineering Practice. ‘This prize 
was awarded to E. F. Scattergood (A’08, F’13) 
for his paper ‘“‘Engineering Features of the Boulder 
Dam-Los Angeles Lines,”’ published in ELECTRICAL 
ENGINEERING for May 1935, pages 494-512, and 


discussed at the summer convention, Ithaca, 
N. Y., June 24-28, 1935. 
Best Paper in Theory and Research. This prize 


was awarded to Lloyd Espenchied (A’18, F’30) 
and M. E. Strieby (M’22) for their paper ‘‘Wide 
Band Transmission over Coaxial Lines,’ published 
in ELECTRICAL ENGINEERING for October 1934, 
pages 1371-80, and discussed at the winter con- 
vention, New York, N. Y., January 28-31, 1935. 

Honorable mention was made of ‘“‘Sparking Under 
Brushes of Commutator Machines” by R. E. Hell- 
mund (A’05, F’13) and L. R. Ludwig (A’28) pub- 


lished in EvLrctricaL ENGINEERING for March 
1935, pages 315-21, and discussed at the summer 
convention, Ithaca, N. Y., June 24-28, 1935. 

Best Paper in Public Relations and Education. 
This prize was awarded to Alex Dow (A’93, F’13) 
for his paper ‘“‘On the Schooling of Engineers,” 
published in EvLrectTricaAL ENGINEERING for De- 
cember 1934, pages 1589-91, and discussed at the 
winter convention, New York, N. Y., January 
28-31, 1935. 


INITIAL PAPER 


Prize for initial paper was awarded to R. N. Stod- 
dard (M’34) for his paper ‘“‘A New Timer for Re- 
sistance Welding,’ published in ELECTRICAL 
ENGINEERING for October 1934, pages 1366-70, 
and discussed at the winter convention, New York, 
N. Y., January 28-31, 1935. 

Honorable mention was made of ‘“‘D-C Braking of 
Induction Motors’’ by F. E. Harrell (A’26, M’35) 
and W. R. Hough (A’35) published in ELECTRICAL 
ENGINEERING for October 1934, pages 1366-70, and 
discussed at the winter convention, New York, 
N. Y., January 28-31, 1935. 


BRANCH PAPER 


Prize for branch paper was awarded to P. H. 
Odessey for his paper ‘‘A Direct Current Con- 
trolled Transformer MRegulator,’’ presented at 
the annual student convention, District 3, New 
York, N. Y., April 22, 1935. 


The committee on award of Institute 


prizes recognizes the excellent quality of 


the large number of papers presented dur- 
ing the calendar year. The committee 
wishes to commend all authors for the high 
standard of their contributions and also 
the technical committees for having spon- 
sored a number of the papers and having 
graded them at the time they were initially 
reviewed. This has been of valuable as- 
sistance to the committee in determining 
the most worthy papers for the awards. 


DISTRICT PRIZES 


District prizes as announced by 5 Dis- 
tricts to date include 3 awards of $25 each, 
together with appropriate certificates. 
Other District awards will be announced 
later, as the information becomes available. 


District 1 


Prize for best paper was awarded to H. D. Braley 
(A’18) and J. L. Harvey (A’25) for their paper 
“Fault and Out-of-Step Protection of Lines,” 
published in ELECTRICAL ENGINEERING for Febru- 
ary 1935, pages 189-200, and discussed at the 
summer convention, Ithaca, N. Y., June 24-28, 
1935. 


Prize for initial paper was awarded to H. M. Cush- 
ing (A’06, F’35) for his paper ‘‘Design and Opera- 
tion of Huntley Station No. 2,” published in 
ELECTRICAL ENGINEERING for June 1935, pages 
632-45, and discussed at the summer convention, 
Ithaca, N. Y., June 24-28, 1935. 


Prize for Branch paper was awarded to W. R. 
Harry for his paper ‘‘A High Sensitivity Vacuum 
Tube Voltmeter,’’ presented at the Rensselaer 
Polytechnic Institute student convention, May 4, 
1935. 


District 2 


Prize for best paper was awarded to L. M. Olmsted 
(A’30) for his paper ‘‘Improving Voltage Regula- 
tion on Distribution Feeders,’’ presented at a 
meeting of Pittsburgh Section, February 12, 1935. 


District 5 


Prize for Branch paper was awarded to W. H. Budd 
for his paper ‘‘Design of Cornices for Built-in 
Lighting,’ presented at the Great Lakes District 
meeting, West Lafayette, Ind., October 24-25, 
1935. 


District 7 


Prize for Branch paper was awarded to W. H. 
Mayne for his paper ‘“‘An Alternator Voltage Regu- 
lator Utilizing a Nonlinear Circuit,’”’ presented at a 
joint meeting of the San Antonio Section and the 
University of Texas Branch, April 15, 1935. 


ELECTRICAL ENGINEERING 


District 10 


Prize for best paper awarded to D. G. Geiger (A’25, 
M’36) for his paper ‘‘The Transmission Design of 
Telephone Systems,”’ presented at a meeting of the 
Toronto Section, January 11, 1935. 


Prize for initial paper awarded to R. M. Morton 
(A’35) for his paper “Torque in a Bipolar Induc- 
tion Meter,’’ published in ELecrricaL ENGINEER- 
ING for April 1936, pages 354-8, and presented 
at a meeting of the Vancouver Section, December 2, 
1935. 


A.1.E.E. Directors Meet 
at Institute Headquarters 


The regular meeting of the board of di- 
rectors of the American Institute of Elec- 
trical Engineers was held at Institute head- 
quarters, New York, on May 25, 1936. 

There were present: President—E. B. 
Meyer, Newark, N. J. Pasi-President— 
J. B. Whitehead, Baltimore, Md. Vice- 
Presidenis—Mark Eldredge, Memphis, 
Tenn.; W. H. Harrison, Philadelphia, Pa.; 
F. O. McMillan, Corvallis, Ore.; R. H. 
Tapscott, New York, N. Y.; W.H. Timbie, 
Cambridge, Mass. Déirector—F.M. Farmer, 
New York, N. Y.; H. B. Gear, Chicago, 
Ill.; C. R. Jones, New York, N. Y.; W. B. 
Kouwenhoven, Baltimore, Md.; Everett 
S. Lee, Schenectady, N. Y.; L. W. W. Mor- 
row, New York, N. Y.; G. C. Shaad, Law- 
rence, Kans.; A. C. Stevens, Schenectady, 
N. Y. WNattonal Treasurer—W. I. Slichter, 
New York; N. Y. National Secretary— 
H.H.Henline, New York, N.Y. Present by 
invitation—A. M. MacCutcheon, Cleve- 
land, Ohio, nominee for president. 

Minutes were approved of meetings of the 
board of directors held January 27, and the 
executive committee on March 9, 1936. 

Report was made of the actions of the ex- 
ecutive committee, under date of April 14, 
1936, on applications, as follows: trans- 


ferred 2 applicants to grade of Fellow; 
elected 14 and transferred 14 applicants to 
grade of Member; elected 468 Associates; 
enrolled 89 Students. 

Reports were presented and approved of 
meetings of the board of examiners held 
March 25, April 23, and May 22, 1936. 
Upon the recommendation of the board of 
examiners, the following actions were taken: 
2 applicants were elected and 4 were trans- 
ferred to the grade of Fellow; 21 applicants 
were elected and 24 were transferred to the 
grade of Member; 292 applicants were 
elected to the grade of Associate; 184 Stu- 
dents were enrolled. 

Disbursernents as follows were reported 
by the finance committee and approved: 
March, $16,602.76; April, $21,208.18; May, 
$25,362.34. 

Upen the recommendation of the com- 
mittee on co-ordination of Institute activi- 
ties, the following schedule of meetings for 
1987 was adopted: 


Winter convention—New York, N. Y.—January 
25-29 

Summer convention—Milwaukee, Wis.—June 21- 
25 

Pacific Coast convention—Spokane, Wash.—date 
to be determined later 

North Eastern District meeting—Buffalo, N. Y.— 
in May 

Middle Eastern District meeting—Akron, Ohio— 
in the fall 


The board approved a recommendation of 
the standards committee that the publica- 
tion and distribution of A.I.E.E. Standards 
Numbers 5, 7, 8, 9, and 10 be discontinued, 
as they have been superseded by Number 
C-50, American Standard for Rotating 
Electrical Machinery. 

Upon the recommendation of the stand- 
ards committee, approval was given to new 
60 cycle values to supersede material in the 
present A.I.E.E. Standard Number 4, 
“Measurement of Test Voltage in Dielec- 
tric Tests,’’ these values having been revised 


by the subcommittee on sphere gap calibra- 
tions of the committee on instruments and 
measurements. Approval was given also to 
the publication, in an informal manner, in 
ELECTRICAL ENGINEERING of pertinent ex- 
planations regarding transients, with the 
understanding that such material is not 
standard at the present time. 

A petition for authority to organize an 
East Tennessee Section was presented; and, 
upon the recommendation of the Sections 
committee, the formation of such Section 
was authorized. 

A report of the special committee on cele- 
bration (in March 1936) of the fiftieth 
anniversary of the establishment of the 
alternating current system in America was 
presented and accepted with appreciation. 

The committee on award of Institute 
prizes presented a report of the awards for 
papers presented in 1935. (The report is 
published elsewhere in this issue.) 

The appointment by the president of the 
following committee of tellers to canvass 
and report upon the ballots for the election 
of Institute officers was approved: Henry 
Kurz (chairman), W. E. Coover, G. F. 
Drum, M. S. Mason, O. F. Olsen, C. H. 
Thomas, and H. R. Wemple, Jr. 

The annual report of the board of direc- 
tors to the membership, prepared by the 
national secretary, was approved for presen- 
tation at the annual meeting of the Institute 
to be held in Pasadena, Calif., June 22, 
1936. Contained therein were reports of 
general standing committees. 

The annual report of the national treas- 
urer was presented and accepted. 

In accordance with Section 37 of the Con- 
stitution, the appointment of a national 
secretary for the administrative year be- 
ginning August 1, 1936, was made. Na- 
tional Secretary H. H. Henline was reap- 
pointed. 

H. R. Woodrow was reappointed a repre- 
sentative of the Institute on the board of 


Ar A meeting of the Institute’s Schenectady, N. Y., Section on 
April 20, 1936, the tenth Steinmetz Memorial Lecture was delivered 
by Gerard Swope (A’99, F’22), president, General Electric Co. 


Pierre (A’28), J. L. R. Hayden, R. C. Muir (A’08, M’19), E. O. 
Shreve (A’06), Owen D. Young, D. R. Fox, F. A. Hamilton (A’28, 
M’36), S. A. Holme, Alan Howard (A’28, M’35), and B. R. Pren- 


tice (A’35). Sitting, left to right: L.A. Hawkins (A’03, M’13), 
BJ. Berg A294 1213) eeWeeebitler (A’31),, Ay ja Nerdy 
Gerard Swope (A’99, F’22), H. H. Race (A’24, M’31), F. N. Neal, 
C. E. Kilbourne (A’29), and O. C. Rutledge (A’33). 


Full text of the lecture appears on pages 572-4, of this issue. 
Those shown above attended a dinner at the Mohawk Club, pre- 


ceding the lecture. Standing, left to right: B. W. Bullock, C. M. 
Foust (M’22, F’31), C. F. Garis, E. M. Hunter (A’28), C. W. La 
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trustees of the United Engineering Trustees, 
Inc., for the 4 year term beginning in Octo- 
ber 1936, and Wiliiam B. Jackson was re- 
appointed an Institute representative on 
the Commission of Washington Award for 
the 2 year term beginning August 1, 1936. 
Directors C. R. Jones and L. W. W. Mor- 
row were appointed the 2 official delegates 
of the Institute to the Third World Power 
Conference, Washington, D. C., September 


7-12, 1936. : 
Other matters were discussed, reference 


to which may be found in this or future 
issues of ELECTRICAL ENGINEERING. 


Additions to 
Member-for-Life List 


Membership for life is granted by the 
Institute for either of the following 2 rea- 
sons; a member has paid annual dues for 
35 years; or has reached the age of 70 
and has paid dues for 30 years. 

The fiftieth anniversary issue of ELEC- 
TRICAL ENGINEERING published in May 


Membership 


1934 and the September 1935 number in- 
cluded lists of all members who had been 
enrolled upon the Institute records as 
Members for Life during the period up to 
May 1, 1935. 

The list that follows indicates those 
members who have become Members for 
Life since the publication of the list in the 
September 1935 issue: 


Lowther, C. M. 
McBerty, F. R. 
McLimont, A. W. 
Nicholson, S. L. 


Amstutz, N. S. 
Anderson, D. S. 
Bergenthal, V. W. 
Blakemore, M. N. 


Bliss, L. D. Northrup, E. F. 
Clifford, H. E. Poirier, A. E. 
Cox; FP. Powell, E. B. 
Dean, G. C. Rice, M. P. 
Deeds, E. A. Sanville, H. F. 
Dodd, S. T. Snow, J. E. 
Edstrom, J. S. Sparks, C. P. 
Farnsworth, A. J. Thomas, P. H. 
Gille, H. J. Thompson, E. J. 


Thornton, K. B. 
Tidd, G. N. 


Hassler, (Co Ik: 
Haubrich, A. M. 


Hawks, H. D. Tingley, E. M. 
Heitman, E. Twining, W. S. 
Henry, I. W. Van Vieet, R. M. 
Howe, W. K. Watson, A. E. 
Howes, R. Whitney, W. R. 
Howland, L. A. Wintner, L. 
Hoxie, G. L. Woodbridge, J. L. 
Hulse, W. S. Woodworth, P. B. 
Kirker, H. L. Zabel, M. W. 
Leeds, M. E. 


Recommended 
for Transfer 


The board of examiners, at its meeting on May 
22, 1936, recommended the following members for 
transfer to the grade of membership indicated. 
Any objection to these transfers should be filed at 
once with the national secretary. 


To Grade of Fellow 


Honaman, R. K., protector methods engr., Bell 
Tel. Labs. Inc., New York. 

Muir, Roy C., vice pres. in charge of engg., Gen. 
Elec. Co., Schenectady, N. Y. 


2 to grade of Fellow 


To Grade of Member 


Berberich, L. J., research E.E., Socony-Vacuum Oil 
Co., Paulsboro, N. J. 

Black, W. L., member of technical staff, Bell Tel. 
Labs., Inc., New York. 

Bousman, H. W., development engr., Gen. Elec. 
Co., Schenectady, N. Y. 

Brandon, M. M., associate E.E., Underwriters’ 
Labs., New York. 

Dowell, J. C., in charge of high voltage engg. lab., 
Gen. Elec. Co., Pittsfield, Mass. 

Harness, G. T., instructor in elec. engg., Columbia 
Univ., New York. 

Jebb, Thomas K., head of dept. of E.E. and 
Mathematics, Tech. Coll., Launceston, Tas- 
mania, Australia. 

Journeaux, D., elec. engr. & patent attorney, Allis 
Chalmers Mfg. Co., Milwaukee, Wis. 

Kaylor, P. P., elec. engr., Olympic Portland Ce- 

_ ment Co., Bellingham, Wash. 
Kingsley, C., Jr., instructor in E.E., Mass. Inst. 
a ve ots Cambridge. 
ack, W. L., asst. plant engr., D i 
Rubber Co., Buffalo, N.Y” Wee 

Koontz, R. ., vice pres., Koontz-Wagner Elec. 
Co., South Bend, Ind. ® ie 

Martin, B. H., supt. of operations, Metropolitan 
a District of Southern Calif., Banning, 

alif. 

McConnell, E. S., wire & cable en ., Anaconda 
Rae & Cable Co., Hascescoutadsen, 


INE XS 

McCreary, H. J., chief engr., Leich Elec. Co. 
Genoa, Ill. , 

O’Connell, E. J., telephone engr., Am. Tel. & Tel. 
Co., New York. 

ee Oa E.E., Gen. Elec. Co., Schenectady, 


Potts, J. A., system engr., The Milwaukee Elec. 
Ry. & Lt. Co., Milwaukee, Wis. 

Reynolds, R. W., chief E.E., Venezuela Gulf Oi} 
Co., Maracaibo, Venezuela, So. America. 
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Robinson, P. H., power sales engr., Houston Ltg. 
& Pwr. Co., Texas. 

Scobie, J. K., system control engr., Shanghai Pwr. 
Co., Shanghai, China. 

Stark, I. A., engg. asst. Brooklyn Edison Co., 
Brooklyn, N. Y. 

Steinmayer, A. G., vice pres. in charge of engg., 
Line Material Co., So. Milwaukee, Wis. 

Van Horn, R. H., mgr., The United Illuminating 
Co., Bridgeport, Conn. 

Zimmermann, J. E., equipment program super- 
visor, Wisconsin Tel. Co., Milwaukee. 


25 to grade of Member 


Applications 
for Election 


Applications have been received at headquarters 
from the following candidates for election to mem- 
bership in the Institute. If the applicant has ap- 
plied for direct admission to a grade higher than 
Associate, the grade follows immediately after the 
name. Any member objecting to the election of 
any of these candidates should so inform the na- 
tional secretary before June 30, 1936, or Aug. 31, 
1936, if the applicant resides outside of the United 
States or Canada. 


Barksdale, G. R. (Member), 230 E. Cambridge St., 
Greenwood, S. C. 
Bergmann, W. F., Byllesby Elec. & Mfg. Corp., 
Chicago, IIl. 
Binford, H. F. (Member), Howard Univ., Washing- 
ton; DEC 
Bronson, F. M. (Member), Am. Tel. & Tel. Co., 
New York, N. Y. 
Prone ca: J. L., Cutler Hammer Co., Milwaukee, 
is. 
Bracks, C. J., Cleveland Elec. Illuminating Co., 
io. 
Broughton, L. I., Monsanto Chem. Co., Anniston, 
la 


Brown, W. B. (Member), Vanderbilt Univ., Nash- 
. ville, Tenn. 
Bushnell, R. J., 

Chicago, IIl. 
Coolidge, F. C., 
Calif. 
Coomes, E. A., Univ. of Notre Dame, Ind. 
Denmead, H., West Penn Pwr. & Lt. Co., Pitts- 
burgh, Pa. 
Danke ease B. W. Jr., 1529—4th Ave., So., Fargo, 
D 


Commonwealth Edison Co., 


1779 The Alameda, San Jose, 


Eddie, W. Jr., 285 Machray Ave., Winnipeg, Mani- 
toba, Can. 
Gault, T. C., 8719 So. Racine Ave., Chicago, III. 
rae ta J., Fred Polster Elec. Co., Cleveland, 
10. 
Gresko, J. S.,S. K. Wellman Co., Cleveland, Ohio. 


Hagen, A. C., 1314 NSt., N. W., Washington, D.C. 

Hector, J. R., Gen. Elec. X-Ray Corp., Berkeley, 
Calif. 

Heine, G. M., Cutler Hammer Inc., Milwaukee, 


Wis. 

Hejda, C. J. (Member), Commonwealth Edison Co., 
Chicago, III. 

Holleran, J. T., Gen. Elec. Co., Pittsfield, Mass. 

Johnson, R. P., Kuhlman Elec. Co., Bay City, 
Mich. 

Kahler, F. C., Bethlehem Steel Co., Baltimore, Md. 

Kelso, F., Westinghouse Elec. & Mfg. Co., Phila- 
delphia, Pa. 

Kleinsmith, C. W., Am. Dist. 
Cleveland, Ohio. 


Telegraph Co., 


Krantz, C. H., 329 Lexington Ave., El Monte, 
Calif. 

Kruse, G. A., Hospital Specialty Co., Cleveland, 
Ohio. 

Langfelder, H., Ray Oil Burner Co., San Francisco, 
Calif. ; 


Luce, D. C., Pub. Serv. Elec. & Gas Co., Kearny, 


Nove 

Marson, J., 99 Clifton Terrace, Weehawken, N. J. 

Martin, A. F., Bausch & Lomb Optical Co., Roches- 
ter, NOX: 

McKee, L. G., Moncton Electricity & Gas Co., 
Ltd., Moncton, N. B., Can. 

Mechler, H. B., Intl. Business Machines Corp., 
Cleveland, Ohio. 

Millard, J. A., Pub. Serv. Comm. of West Va., 
Charleston. 

Mitchell, J. D., Consolidated Mining & Smelting 
Coy Trail B.C. Can? 

Morawetz, R. J., Harnischfeger Corp., Milwaukee, 


Wis. 
Nathan, R., Midwest Radio Corp., Cincinnati, 


Ohio. 
Penney, W. M., Union Elec. Lt. & Pwr. Co., St. 
Louis, Mo. 


Ramsey, L. W., Hartford Steam Boiler Insp. & 
Ins. Co., Baltimore, Md. 


Rebholz, J. T. Jr., N. Y. State Employment Serv., 


New York, N. Y. 


Reid, W. E. (Member), Bell Tel. Labs. Inc., New 


York, N. Y. 
Ross, F. (Member), Room 402, Union Station, St. 
Louis, Mo. 
Sachs, S. C., 817 No. 9th St., St. Louis, Mo. 
Sherman, J. B., RCA Mfg. Co., Harrison, N. J. ; 
Shirreffs, A., Westinghouse Elec. & Mfg. Co., New 
York, N. Y. 
Singer, F. J., Bell Tel. Labs., New York, N. Y. 


Snelson, F. O., Union Elec. Lt. & Pwr. Co., St. 
Louis, Mo. : 

Soliday, H., Westinghouse Elec. & Mfg. Co., St. 
Louis, Mo. 

Stewart, H. C. (Member), Gen. Elec. Co., Pitts- 
field, Mass. 


Sunde, A. M., Cornucopia, Ore. 
Zornik, A. W., Utah Pwr. & Lt. Co., Salt Lake City. 


52 Domestic 


Foreign 


Bhowmik, D. N., Dacca Elec. Supply Co. Ltd., 
Bengal, India. 

Godinez, S. H., Gen. Hershey Corp., Central Her- 
shey, Prov. Habana, Cuba. 

Guimaraes, A. de S. M. (Member), Cia Telephonica 
Brasileira, Rio de Janeiro, Brazil, S. A. 

Menge, W. H., Sao Paulo Elec. Co. Ltd., Sorocaba, 
Sao Paulo, Brazil, S. A. 

Vyas, B. D., Andhra Paper Mills Co. Ltd., Rajah- 
mundry, So. India. 


5 Foreign 


Addresses 
Wanted 


A list of members whose mail has been returned 
by the postal authorities is given below, with the 
addresses as they now appear on the Institute rec- 
ord. Any member knowing of corrections to these 
addresses will kindly communicate them at once to 
the office of the secretary at 33 West 39th St., 
New York, N. Y. 


Blocksom, Franklin C., Randle, Wash. 

Bukley, E. J., Malaja-Dmitrovka D. 
Moscow, U.S.S.R. 

Collins, Ogie B., Minimum, Mo. 

DeKeyser, Jacques F., 37—53—78th St., Jackson 


8 Ky. 38, 


Heights, N. Y. 
pays a V., 1180 Clayton St., San Francisco, 
alif. 
Johnson, James W., 3506—16th St., N. W., Wash- 
ington, D. C. 


Jones Robert W., 565 Thompson Ave., Donora, 

a. 

Luther, Herbert A., 50 Atwood Ave., Johnston, 
R. I 


Megeath, S. A., Jr., 14 North Ave., Elizabeth, N. J. 

Meltvedt, Henry, 742 S. Douglas, Springfield, Mo. 

Merrill, Warren C., 208 W. 8th St., Los Angeles, 
Tatsuo Charles, 


Calif. 
517 M St., Sacra- 
Calif. 


Miyamoto, 
mento, : 

Murrey, Forrest H., 5530 Dorchester Ave., Chicago, 

Ne 

Ritter, Edward A., 40 Lexington St., Hamden, 
Conn. 

Williams, Thomas J. C., 827 S. 48th St., Philadel- 
phia, Pa. 

Willson, William H., Jr., 1720—2nd Ave., Cedar 
Rapids, Iowa. 


16 Addresses Wanted 
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June 1 


MIC ROMAX Expect much of this Micromax. Announced in the 25th year since we 
originated the industrial potentiometer, it adds unprecedented conveniences to 


a structure of proved values unmatched in the history of industrial recorders. 


It keeps always in view ten inches of record, drawn in red or, in multipoint 
recorders, printed either in blue or multicolor. It has a pointer and scale, 
readable at a glance. On controllers, an additional pointer shows the setting. 


Mechanism is strikingly easy to get at. Chart-drive-reroll has its own frame, 
separate from the main frame casting which holds all other unit assemblies. 
Chart frame can swing out of case alone, for really easy replacement of chart, 
or both castings can swing out together, then swing apart to make every unit 
instantly, fully accessible. The pen is newly-designed; seldom needs cleaning; 
shows its ink-level a day before it needs refilling; holds ink enough for seven 
weeks. Moving telltales show mechanism is running and when dry cell should 
be replaced. 


This Micromax once again raises the standard of reliability of industrial 
recorders. Contacts and certain other component parts are re-designed, and 
unit assemblies such as galvanometer and balancing mechanism are sheltered 
from air currents, so that they operate undisturbed even when door is open 
and chart is swung aside. Mechanically, the instrument is brute-strong. Its 
parts are accurate machine parts. ‘Chey are put together snugly . . . no spring; 
no play; no lash. 


LEEDS & NORTHRUP COMPANY 


4962 STENTON AVENUE PHILADELPHIA, PA. 


You'll find the complete story of this 
Micromax in Catalog N-33A, 


LEEDS & NORTHRUP 


MEASURING INSTRUMENTS ® TELEMETERS ® AUTOMATIC CONTROLS @ HEAT-TREATING FURNACES 
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Power from Boulder Dam 


is Transmitted 
through 


BOWIE 


AIR-BREAK SWITCHES 


Bowie Type GY, 3000 Ampere, 3-pole Dis- 
connecting Switch installed for 23 Kv. service 


Bowie Type Gk Disconnecting Switch installed 
for 138 Kv. service by the Bureau of Power & 
Light, City of Los Angeles 


Bowie engineers designed and built all of the highest 
capacity (287 Kv.) disconnecting switches for the 
for the Su periority of Boulder Dam plant. In addition, they have supplied 
Bowie A ie Brea Ik Switches numerous installations of 138 Kv. and 23 Kv. switches 
used in the distribution of Boulder power. The im- 
portant features of the 287 Kv. switches are utilized 


Three Underlying Reasons 


1 Heavy, pure sheet silver, welded to 


both blade and clip—the best contact throughout the entire voltage range of Bowie switches 
Catal: as standard equipment. 

High pressure applied to contact sur- Precisi : : 
2 faces after blade movement has ceased, ea: Workmanship; and use of ball bearings, 
eliminating abrasion. roller bearings and anti-friction bearings, insure accu- 

rate blade movement with a modicum of mechanical 

3 Large contact area between blade and effort. Laboratory tests and years of severe service 

clip, both surfaces being carefully 


have proven the superiority of Bowie switches of 


milled and polished. 
any capacity under all conditions. 


puteins Yo. 22004 28 tscrde oninazne BOWIE SWITCH COMPANY 


Switches from 7.5 to 287 Kv. Ask also for special ; 
bulletin describing 287 Kv. switches installed at Established 1906 
Boulder Dam. 815 Tennessee Street San Francisco, Cal. 
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Synchronous condenser, New England Power Synchronous condenser, Appalachian Electri: 
Company, Pawtucket, R. I. Installed 1928 Power Company, Charleston, W. Wa. Installed 1922 


nchronous condenser, Appalachian Electric Synchronous condenser, Indiana & Michigan Electric Synchronous condenser, Southern Calife 
wer Company, Scarboro, W. Va. Installed 1931 Company, Fort Wayne, Ind. Installed 1931 Edison Company, La Fresa, Calif. Installed 1° 


Synchronous condenser, Scranton Electric Company, Scranton, Pa. Synchronous condenser, San Joaquin 


Installed 1933 Fresno, Calif. Installed 1931 


Light and Power Corporation, 


ichronous condenser, Atlantic City Electric Company, Atlantic City. Synchronous condenser, Public Service Company of Northern Illinois, 
alled 1930 Joliet, Ill. Installed 1930 


COOLING 


‘-LECTRIC DEVELOPMEN 


HE inherent design character- 12,500-kva G-E condenser), and 
istics of a hydrogen-cooled the most recent is represented by 
achine permit outdoor installa- two G-E 60,000-kva condensers 
on and give you the additional now in course of installation for 
nefits of lower over-all operating the City of Los Angeles, Depart- 
ysts — decreased losses, reduced ee ofswater and ay sites This 
aintenance and inspection costs, SC ieisangerolieer ee is 


1d longer insulation life. 
your further assurance of depend- 


he first of the hydrogen-cooled able G-E equipment. We invite 


istallations illustrated was made your inquiries. General Electric o L 


- Pawtucket, R. I., in 1928 (a Company, Schenectady, N. Y. Synchronous condenser, Appalachian Electric 
Power Co., ‘Kenova, W. Va. Installed 1935 


One of two new 60,000-kva synchronous condensers built 
for City of Los Angeles, Department of Water and Power 


Frequency changer, Pennsy!vania Power and Light Company, Free- 


mansburg, Pa. Installed 1935 600-49 


The Big Creek Line is famous as the first in the world to 
be operated at 220,000 volts. Its conductors are 605,000 
e.m.'A.C.S.R. For the first ten years after it was built 
in 1913, it was operated at 150,000 volts. In 1923, 
the voltage was increased to 220,000, at which potential 
the line is still in regular operation. 

The transmission map of California, like that of most 


other partsof the country, is largely a map of A.C.S.R. lines, 
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with an enviable record of successful operation. Engineers 
have shown an overwhelming preference for A.C.S.R.; 
for the fundamental soundness of its construction; for its. 
downright dependability in operation; for its economy. 

So it is logical that the whole of the great unified 
project of building Boulder Dam and of supplying its 
power to the Colorado River Aqueduct pumping plants 


should depend on A.C.S.R. transmission lines. 
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Se es 


aTa%e, 


HE biggest customer for Boulder Dam power 
will be the mammoth pumping plants of the 
Colorado River Aqueduct. The transmission 
line for that power is now under construction. 
The conductors are 795,000 c.m. A.C.S.R., 
having a diameter of 1.1 inches. This line is 237 
miles long, and will operate at 230,000 volts. 
Boulder Dam itself was constructed with 
power supplied by the San Bernardino-Boulder 
Dam Line built in 1931. The conductors on this 
line are 4/0 A.C.S.R. It is 222 miles long and 
henceforth will transmit power away from 
Boulder Dam. 
Added together, these comprise 459 miles of 


Section of San Bernardino-Boulder Dam Line near Victorville. 


line in what is undoubtedly the most spectacular 
project of our time. The engineers have written 
for A.C.S.R. one more chapter in a continuing 
story of confidence. 

The performance of A.C.S.R. is based on 
basic principles which time cannot change: it 
only proves! Among these fundamentals are: 
soundly logical use of materiais for strength, 
conductivity and control of corona by diameter; 
longer spans with safe stresses; protection of the 
high strength core by the external strands; and 
a complete system of protection against vibra- 
tion-fatigue. ALUMINUM COMPANY OF AMERICA, 
2149 Gulf Building, Pittsburgh, Pennsylvania. 
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COPPERWELD 


{| OVERHEAD 
GROUND WIRE 


Having high strength with low weight, 
Copperweld Overhead Ground Wire can be 
strung with small sags, providing maximum 
clearances and, therefore, maximum lightning 


protection. Its great safety under all con- 
ditions assures reliable, uninterrupted 
service. 


May we cooperate by supplying you with 
tables showing characteristics of Copperweld 
Overhead Ground Wire, sag data and other 
engineering information? 


COPPERWELD STEEL COMPANY 


GLASSPORT:--~= PA. 


co 
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Set Poles with Anchor Bolts 


Practically every Operating Com- 
pany at times requires special setting 
of new poles on rock, retaining walls, 
concrete piers, bridge girders, roofs 
of buildings—or where adequate 
guying is impracticable, or maximum 
clearance must be obtained. 


Use carefully selected pole, set in 
Williams Pole Mount of proper 
rating for job and anchored to pre- 
pared base of whatever nature by 
means of anchor bolts. The in- 
stallation will be more secure than 
similar poles set in average ground 
to usual depth. 


Pole Mounts are also used exten- 
sively where ground-line decay en- 
dangers important and expensive 
overhead construction. The Pole 
Mount salvage method will again 
become more prevalent when en- 
gineers are again permitted to spend freely for materials, in order 
to save on total job cost, or to effect lower annual cost for life of 
job. Early Pole Mount installations made 12 years ago are still 
proving these economies. 


For those salvage projects where low first cost of materials is essen- 
tial, and real permanence and best appearance are lesser factors, in- 
vestigate M.I.F. Pole Stubbing Clamps of the Wedged Band type. 


Send for M.I.F. Pole Hardware Specialties Catalog 


MALLEABLE IRON FITTINGS COMPANY 


Pole Hardware Dept. [ England Sates Orie ] Branford, Connecticut 


New York Sales Office: Thirty Church Street 
Canadian Mfg. Distributor: <i> 
LINE & CABLE ACCESSORIES, Ltd., Toronto 


Engineering 
Societies Library 


A reference library for engineers—contains 
150,000 volumes—receives over 1,300 technical 
journals and periodicals on all branches of 
engineering. 

Searches are made upon engineering subjects, 
translations from foreign publications, photostats 
made, etc. 

Books may be borrowed by members of the 
A.I.E.E. For information address, The En- 
gineering Societies Library, 33 West 39th St., 
New York. 


At Your Service 


TRANSMISSION LINE 
VIBRATION COUNTER 


For the purpose of analyzing conductor 
vibrations and for testing the effects of 
different types of dampers, it is first of 
all necessary to know to what extent 
the conductor vibrates vertically. 


Vibration Counter No. 514 is especially 

designed for this purpose. This in- 

strument, weighing less than a pound, 

is clamped to the conductor, face down. 

Its registrations can be read from the 

ground with binoculars. Vertical vi- 

brations from .7 millimeter up (.0275”) 

| and of frequencies between 4 and 100 

ke we per second are registered cumulatively. 
Purposely designed to register only 

VIBRATION COUNTER #514 _ the vibrations having an amplitude of 

Registers up to 100 not less than .0275 inch. 

million vibrations 


and repeat. R. W. CRAMER & CO., INC. 


Send for descriptive bulletin 67 Irving Place, New York City 
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Out of the Depths! 


Ocr of the depths of the sea! 


Out of the depths of many years 
of experience and operation comes 
that knowledge and background that 
enables us to produce the most re- 
liable— most satisfactory Non- 


Metallic Trench Cables. 
Hundreds of miles of Non-Leaded 


Submarine Cable have been installed 
and operated over the past 30 years. 
Each length is subjected to water— 
cold and warm, fresh and salt. Each 
length has its shore end buried in 
the ground. Each length is a fore- 
runner of the more modern Triple 


“L”’ Non-Metallic Trench Cable. 


American Steel & Wire Company 
Triple ““L” Non-Metallic Trench 
Cables are available in single, twin 
and multiple conductor construc- 
tions and in all sizes for any voltage. 
The conductor insulation is our 
Amerite Rubber, having low water 
absorption—perfect aging character- 
istics and is in daily operation at 
voltages up to 13 KV. Fibrous fillers 
are eliminated and replaced by an 
integral sheath and fillers of acid, 
alkali and water resisting compound. 


AMERICAN rod OS) Dl ha & WIRE COMPANY. 
208 S. La Salle Street, Chicago Empire State Building, New York 


Columbia Steel Company, San Francisco, Pacific 
Coast Distributors 


United States Steel Products Company, New 
York, Export Distributors 
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STOPPING MOTION 


HIS happens to be the business end of a lathe. 

Note how completely the motion of the gears 

_... traveling at normal speed... , is stopped. 
Any reciprocating or revolving machine or part 
can be completely ‘‘stopped’’ with the STROBO- 
TAC. Then it can be made to operate in greatly 
exaggerated s-l-o-w motion....as slow as a 
fraction of an rpm. . . . so that the function of the 
various parts can be studied. 


The STROBOTAC has many applications in the 


electrical machinery field. For studying the 


motion and speed of fan blades .... com- 
mutators .... slip-rings .... bearings ... . cams 
.... gears .... drills .... any complex me- 


chanical movement... . the STROBOTAC is an 


invaluable aide to the designing, research, pro- 
duction and maintenance engineer. 


The STROBOTAC is calibrated to read speed 
directly in rpm from 600 to 14,400 rpm. It 
will completely stop motion up to 72,000 rpm! 
It is self-contained, portable, compact, weighs 
only 12 pounds, operates from any 110-volt 
60-cycle line and requires no mechanical or 
electrical connection to the machine under 
observation. Price: $95.00 


Write for Bulletin 10-A for details 


GENERAL RADIO COMPANY 


Cambridge Massachusetts 


CONDENSERS @ 


AEROVOxX has built the major 
portion of the electrolytic motor- 
starting condensers now in service. 
Such experience is invaluable. It’s 
yours for the asking. 


Our engineers are fully familiar 
with the motor-starting condenser 
art. They can be of real service 
to you in working out your 


problems. 
e 


Meanwhile, our fully departmen- 
talized plant with production ca- 
pacity second to none, can meet 
any delivery schedules you set. 


Electrolytic condensers in 
any style container. 


Oil-filled condensers for 
continuous service. 


All units hermetically 
sealed and seepage- 
proof, 


DATA Let us send you a copy of our 

Industrial Condenser Manual. 
And be sure to submit those problems for 

engineering aid and quotations. 


CORPORATION 


Conservatively rated for 
longest trouble- proof 
service. 


82 Washington St. Brooklyn, N. Y. 


a 


sot? 


IHE new Air-Seal fuse—Rowan Control 

engineers’ effective answer to industry’s 
long-felt need for a reliable low-voltage fuse 
to operate successfully under oil in corrosive 
and hazardous locations. Thoroughly tested 
—electrically approved—now available for 250 
and 600-volt use in standard sizes from 30 to 
400 amperes. Send for illustrated bulletin 
just off the press. 


ROWAN CONTROL 


THE ROWAN CONTROLLER CO., BALTIMORE, MD. 
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“GA” SERIES BRUSHES set a standard 


of performance on electric shovel gen- 
erators never before attained. They carry 
extreme peaks day after day, reducing 
maintenance expense and eliminating 
interruption of service. 

The generators on the huge electric shovels, used 
in the strip mining of coal, present one of the 
most difficult problems encountered in brush appli- 


cation. The loads are a succession of severe peaks, 


LET US DEMONSTRATE THE SUPERIORITY OF 


recurring at intervals of one minute or 
less, and often reaching the stalling point 
of the motors. 

Besides meeting such extreme loads, 
the graduated performance character- 
istics of the “SA” Series of electro-graphitic 
grades make them applicable to almost every class 
of commutating type equipment, both A.C. and 
D.C. Other National Carbon grades take care of 


those applications not covered by the “SA” Series. 


NATIONAL CARBON BRUSHES FOR YOUR SERVICE 


NATIONAL CARBON COMPANY, INC. 


Carbon Sales Division, Cleveland, Ohio 
Unit of Union Carbide [Tg and Carbon Corporation 


BRANCH SALES OFFICES: NEW YORK 


PITTSBURGH CHICAGO SAN FRANCISCO 
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Professional Engineering Directory 


For Consultants in Engineering and Allied Sciences 


BLACK & VEATCH 
Consulting Engineers 


eam and Electric Power Investiga- 
AG abstr Supervision of Construction, 
; Valuation and Tests 


4706 Broadway KANSAS CITY, MO. 


EDWARD E. CLEMENT 


Fellow A.I.E.E. 


Attorney and Expert 
in Patent Causes 


Soliciting, Consultation, Reports, 
Opinions 


1509 Decatur St., N. W. 
WASHINGTON, D. C. 


FRANK F. FOWLE & CO. 


Electrical and Mechanical 
Engineers 


35 East Wacker Drive CHICAGO 


WHEN YOU 


require technical advice— 
or a solution to an 
engineering problem— 


CONSULT THIS DIRECTORY 


JACKSON & MORELAND 


ENGINEERS 


Public Utilities—Industrials 
Railroad Electrification _ 
Designs and Supervision—Valuations 
Economic and Operating Reports 


BOSTON NEW YORK 


SANDERSON & PORTER 
ENGINEERS 


FINANCING—REORGANIZATION— 
DESIGN—CONSTRUCTION 


of 
INDUSTRIALS and PUBLIC UTILITIES 


Chicago New York San Francisco 


SARGENT & LUNDY 


Incorporated 


ENGINEERS 


140 South Dearborn Street 
CHICAGO, ILLINOIS 


GEORGE T. SOUTHGATE 


ELECTRIC-POWER AND 
ELECTRO THERMAL ENGINEER 


Consultant in 
Design, Process and Patent Matters 


114 East 32nd Street NEW YORK 


Employment Bulletin 


Engincéring Societies Eenolovment Service 


MAINTAINED for their members by the national so- 
cieties of civil, mining, mechanical, and electrical 
engineers, in co-operation with other organizations. An 
inquiry to any of the three offices will bring full information. 

A weekly bulletin of engineering positions open is 
available to members of the co-operating societies at a 
subscription of $3 per quarter or $10 per annum, payable 
in advance. 


In the interest of effective service, it is essential that 
members using the employment service keep the bureau 
office serving them advised at reasonable intervals con- 
cerning their availability for employment, concerning any 
change in status, and immediately upon acceptance of any 
employment. 

Employers interested in the following announcements 


should address replies to the key numbers indicated, and 
mail to the New York Office. 


Men Available 


E.E., B.S., George Washington Univ, 29, married; 
7 yrs Gen Elec Co, State Pub Service Com and 
U.S. Govt. Util valuation, ry electrification, audit- 
ing exper. C-4583. 


ENGR with 17 yrs exper in elec ry and auxiliary 
motor des, elec and mech, desires pos as des or eqpt 
engr. Has additional training in gen mech engg 
problems. D-4967. 


12 


ASSOC PROF OF E.E., age 36, married; 12 yrs 
teaching; also exper in indus. Subjects taught: 
AC machy and lab, elec des, com, illumination and 
electronics. Available in Sept. C-4113. 


SENIOR, CCNY, 21, first quarter of class, de- 
sires employment for the summer; salary secondary 
to exper. Any sort of elec work, anywhere. Free 
after June 15. D-4839. 


E.E. Grad, RPI, ’35, Christian, 23. Desires pos 
with opportunity for devpmt and advancement in 
Tere field. Salary and location secondary. D- 


E.E., B.S., Harvard, 1935, single, 22; desires 
engg or station oprtg exper with opportunity for ad- 
vancement as ability is proved. Hard worker, 
energetic, enthusiastic. Salary, location secondary. 
Available at once. D-4882. 


E.E., B.S., 1935, Ga Tech, single, 24; 4 mos 
U.S. Engrs. Desires real opportunity in engg. 
field. Salary and location secondary to oppor- 
foals for advancement. Available immed. D- 


E.E., B.S., Lehigh Univ, 1935, single, 24. 
est quarter of class, Eta Kappa Mu. 
mine elec maintenance. 
with elec mfr or pwr co. 


High- 
Some exper 

Desires pos preferably 
D-4946. 


E.E., B.S., NYU, 1936, single; high scholastic 
standing, available June 1936. Desires pos along 
application, elec constr lines or opportunity for 
practical engg exper. Salary secondary. Within 
commuting distance NYC. D-4952. 
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THE J. G. WHITE 


ENGINEERING CORPORATION 
Engineers—Constructors 


Oil Refineries and Pipe Lines, 
Steam and Water Power Plants, 
Transmission Systems, Hotels, Apartments, 
Offices and Industrial Buildings, Railroads 


80 BROAD STREET NEW YORE 


J. W. WOPAT 
Consulting Engineer 


TELEPHONE ENGINEERING 
Construction Supervision 
Appraisals—Financial 
Rate Investigations 


303 East Berry St. Fort Wayne, Indiana 


J. G. WRAY & CO. 


Engineers 
Utilities and Industrial Properties 


Appraisals Construction Rate Surveys 
Plans Organizations Estimates 
Financial Investigations Management 


105 West Adams St., Chicago 


To appear in the following 
issue, cards must be re- 
ceived not later than the 
20th day of the month. 


E.E., B.S., Tufts Col, June 1935. Special 
courses MIT, radio. Also knowledge automotive 
engg. Single, 22. Salary secondary to advance- 
ment. Member Phi Delta. Speaks and writes 


French, Italian. Available immed. D-4950. 


E.E., B.S., 1935, single, 24. Desires pos in elec 
field. Salary and location secondary to possible 


advancement. Available immed. D-4968 
E.E., B.S., ’35, single, 23. Available short 
notice. Desires pos devpmt or constr com eqpt. 


Exper 2 yrs elec repair, 10 mos tel eqpt repair. 
Location, East. D-4963. 


E.E., B.S., Univ Colo, 1935, Tau Beta Pi; 
married, 33; 10 yrs exper before entering Univ; 
5 yrs util; 5 yrs chief electrician large mining co. 
Now employed; excellent ref. D-4359-5396- 
Chicago. 


E.E., A.B., 3 yrs M.I.T., G.E. test; 4 yrs gen 
elec engg, 7 yrs theatrical sound; 6 yrs in Latin- 
Am. Prefers gen elec engg, sound, radio devpmt, 
research, teaching. D-4927,. 


E.E., 3 yrs research in ry signaling apparatus, 
circuits; one yr pwr calculations; one yr teaching 
math, elec in tech high sch. Desires research or 
teaching elec theory, math. Available. D-1760. 


HIGH TENSION LAB ENGR, E.E. 1923, Am. 
and continental exper. Des and oprn of cathode- 


ray-oscillographs. Research and devpmt pre- 
ferred. B-7091. 
GRAD E.E., single; 14 yrs exper: G.E. test 


course, gen distr engg, specialty low voltage A C 
networks. Can adapt to related work. B-9775. 


ENGINEERING SOCIETIES 
EMPLOYMENT SERVICE. 


NEW YORK SAN FRANCISCO CHICAGO 
31 W. 39th St. 57 Post St. 211 W. Wacker Dr. 
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You increase profits when you cut 
costs. But where can the cutting be 
done? The first step in cost control is 
to get the recorder “picture” of 
measured performance. Then you have 
a clean-cut basis upon which to make 
proper judgment. 


Here are some examples of where 
industrial plants have, in this way, 
utilized recording electric instruments 
to point the way to better profits. 
They may contain ideas as to how you, 
too, can cut costs. 


A s0-hp motor on a punch press heated and 
caused trouble, yet it was big enough. A recorder 
showed a 65-hp peak at every stroke, with a 
minimum load of 5 hp. The motor was found to be 
of a low-resistance, and hence low-slip, type. 
It did the punching, yet fought the flywheel. 
A 2o-hp high-resistance motor was installed. 
Then the recorder showed 25-hp peak and 18-hp 
minimum. The motor fed the flywheel; the 
flywheel did the work, because the motor speed 
gave way sharply under peak loads. The motor 
ran cool; the demand was reduced. 


Here is a company that kept a main transformer 
bank on the line during a 36-hour week-end 
period to supply a 2-hp motor continually. A 
recorder showed that the load was only 9 kw 
including transformer losses. Result: transformers 
were shut down, and a 1%-hp motor connected 
to the lighting circuit. Savings—$314 annually. 


Medium-size portable 


Rectangular 
switchboard 
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High-accuracy 
portable 


G-E Type CDportable 


recording instrument 


A fiber-board company found one motor under- 
loaded, and a second overloaded. They were 
interchanged. Savings—cost of new motors— 
$300. 


| 


In another example, a machine-shop load was 
checked with a recording wattmeter. The plant 
was working on a 24-hour schedule, and to avoid 
interruption to production orders were issued to 
operate without a lunch-hour shutdown. 


From the charts, it became apparent that from 
midnight to 1:00 o’clock no power was being 
consumed and the men were knocking off for 
lunch. With a crew of twenty men at an average 
wage of $0.70 an hour, the loss was amounting to 
roughly $4,000 a year. 


A recording wattmeter spotted a large power 
press that loafed 26 per cent of the time. Simple 
changes in routine raised the production time 
to 95 per cent and effected an estimated saving 


of $624 a year. 


HEADQUARTERS FOR ELECTRIC 


Galvanometer Small panel 


a 


INSTRUMENT 


Pocket portable 


A food-product plant found that four motors 
were much underloaded. They were put to other 
uses and replaced with new motors. Net annual 
savings—$218! 


A tire company found that, with proper instruc- 
tions, workmen could largely prevent heavy 
peak loads, that output could be increased, and 
power demands reduced. Estimated annual sav- 
ings—$108o. 


You will find a lot of valuable applica- 
tions for portable instruments, both 
indicating and recording, in machine- 
tool study, plant-power survey, time 
study, and in production work; but, 
after all, your maintenance department 
in “trouble shooting” will probably 
find their use most profitable. 


Let us give you the complete story 
about G-E recording instruments and 
send you a copy of Bulletin GEA-1061. 
Address nearest G-E sales office or 
General Electric, Department 6D-201, 
Schenectady, N. Y. 


Wherever your requirements call for electric instru- 
ments, General Electric can meet them. Types for 
every application are available in all sizes. 

Take advantage of the facilities of our General 
Engineering and Research Laboratories, and make 
General Electric your headquarters, for electric 
instruments. 


Recording Laboratory standard 


430-63 
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Advertised Products Index 


AMMETER COMPENSATING COILS 
Minerallac Electric Co., Chicago 
AMMETER, VOLTMETERS 
(See INSTRUMENTS, ELECTRICAL) 
BATTERY CHARGING APPARATUS 
General Electric Co., Schenectady, Wa Xe 


BRUSHES COMMUTATOR 
National Carbon Co., Cleveland, O. 


BUS BAR SUPPORTS 
Sa endy Engg. Co., Inc., New York 
General Electric Co., Schenectady, N. Y. 


CESSORIES P 
oe Minerailac Electric Co., Chicago 


TORS 
See Recorex Corp., Brooklyn, N. Y. 


BREAKERS 
eeeeUne Air-Enclosed 
General Electric Co., Schenectady, N. Y. 
I-T-E Circuit Break Co., Philadelphia 
4 


Allis-Chalmers Mfg. Co., Milwaukee 

General Electric Co., Schenectady, N. Y. 
CLAMPS, GUY & CABLE 

Malleable Iron Fittings Co., Branford, Conn. 
CONDENSERS, ELECTROSTATIC 

Aerovox Corp., Brooklyn, N. Y. 

General Radio Co., Cambridge, Mass. 
CONNECTORS 

Burndy Engg. Co., Inc., New York 
CONTROLLERS 

Allis-Chalmers Mfg. Co., Milwaukee 

General Electric Co., Schenectady, N. Y. 

Rowan Controller Co., Baltimore, Md. 
CONVERTERS, SYNCHRONOUS 

Allis-Chalmers Mfg. Co., Milwaukee 

General Electric Co., Schenectady, N. Y. 
DYNAMOS 

(See GENERATORS AND MOTORS) 
FLOOR PLATES, STEEL 

Carnegie-Illinois Steel Co., Pittsburgh 


GENERATORS AND MOTORS 
Allis-Chalmers Mfg. Co., Milwaukee 
General Electric Co., Schenectady, N. Y. 

GROUND RODS 
Copperweld Steel Co., Glassport, Pa. 


INSTRUMENTS, ELECTRICAL 
Graphic 
Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 
Leeds & Northrup Co., Philadelphia 
Indicating 
Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 
Leeds & Northrup Co., Philadelphia 
Integrating 
Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 
Scientific, Laboratory, Testing 
Acme Elec. & Mfg. Co., Cleveland, O. 
Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 
Leeds & Northrup Co., Philadelphia 
INSULATING MATERIALS 
Cloth 
Brand & Co., Wm., New York 
Minerallac Electric Co., Chicago 
Moulded 
Bakelite Corp., New York 
Compounds 
Minerallac Electric Co., Chicago 
Roebling’s Sons Co., John A., Trenton, N. ik 
Mica 
Brand & Co., Wm., New York 
Paper 
Brand & Co., Wm., New York 
Porcelain 
Universal Clay Products Co., Sandusky, O. 
Sleeving—Tubing 
Brand & Co., Wm., New York 
Tape, Friction 
Minerallac Electric Co., Chicago 
Okonite Company, The, Passaic, N. ys 
Roebling’s Sons Co., John A., Trenton, N. Je 
U. S. Rubber Products, Inc., New York 
Varnishes 
Bakelite Corp., New York 
Minerallac Electric Co., Chicago 
INSULATORS, PORCELAIN 
General Electric Co., Schenectady, N. Y. 
Ohio Brass Co., Mansfield, O. 
Universal Clay Products Co., Sandusky, O. 
LIGHTNING ARRESTERS 
General Electric Co., Schenectady, N. Y. 
LOAD RECORDERS—CONTROLLERS 
Leeds & Northrup Co., Philadelphia 


LOCOMOTIVES, ELECTRIC 
Allis-Chalmers Mfg. Co., Milwaukee 
General Electric Co., Schenectady, N. Y. 
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METERS, ELECTRICAL 
(See INSTRUMENTS, ELECTRICAL) 


MOTORS 
(See GENERATORS AND MOTORS) 


PHOTOELECTRIC TUBES 
General Electric Co., Schenectady, N. Y. 
Western Electric Co., New York 


POLE LINE HARDWARE 


Malleable Iron Fittings Co., Branford, Conn. 


Ohio Brass Co., Mansfield, O. 
POLE MOUNTS 


Malleable Iron Fittings Co., Branford, Conn. 


PORCELAIN, ELECTRICAL 
Universal Clay Products Co., Sandusky, O. 


RADIO LABORATORY APPARATUS 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 
Western Electric Co., All Principal Cities 


RECTIFIERS 
Allis-Chalmers Mfg. Co., Milwaukee 
General Electric Co., Schenectady, N. Y. 


REGULATORS, VOLTAGE 
Allis-Chalmers Mfg. Co., Milwaukee 
General Electric Co., Schenectady, N. Y. 


RELAYS 
Dunn, Inc., Struthers, Philadelphia 
General Electric Co., Schenectady, N. Y. 
I-T-E Circuit Breaker Co., Philadelphia 


RESISTORS 
Aerovox Corp., Brooklyn, N. Y. 
Dunn, Inc., Struthers, Philadelphia 
General Radio Co., Cambridge, Mass. 


SOUND DISTRIBUTION SYSTEMS 
Western Electric Co., New York 


STARTERS, MOTOR 
Allis-Chalmers Mfg. Co., Milwaukee 
General Electric Co., Schenectady, N. Y. 


STOKERS 
Link-Belt Co., Chicago 


SUB-STATIONS 
Allis-Chalmers Mfg. Co., Milwaukee 
General Electric Co., Schenectady, N. Y. 


ENGINEERING COMPANY, Inc. 


305 E. 45™ ST. NEW YORK 


SURGE ABSORBERS 
Ferranti Electric, Inc., New York 


SWITCHBOARDS : 
Allis-Chalmers Mfg. Co., Milwaukee 
General Electric Co., Penenee ey: NiYs 
I-T-E Circuit Breaker Co., Philadelphia 


SWITCHES, AUTOMATIC TIME 
General Electric Co., Schenectady, Nowy c 
Minerallac Electric Co., Chicago 


SWITCHES, DISCONNECT 
General Electric Co., Schenectady, N. Y. 


SWITCHES, GENERATOR FIELD : 
J-T-E Circuit Breaker Co., Philadelphia 


TRANSFORMERS 
Acme Elec. & Mfg. Co., Cleveland, O. 
Allis-Chalmers Mfg. Co., Milwaukee 
Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 


TURBINE GENERATORS 7 
Allis-Chalmers Mfg. Co., Milwaukee 
General Electric Co., Schenectady, N. Y. 


TURBINES 
Allis-Chalmers Mfg. Co., Milwaukee 
General Electric Co., Schenectady, N. Y. 


WELDERS, ARC 
General Electric Co., Schenectady, N. Y. 


WELDING WIRE : ; 
American Steel & Wire Co., Chicago 
General Electric Co., Schenectady, N. Y. 
Roebling’s Sons Co., John A., Trenton, N. J. 


WIRES AND CABLES 
Armored Cable 


American Steel & Wire Co., Chicago 

Cresent Ins. Wire & Cable Co., Trenton, N. J. 

General Electric Co., Schenectady, N. Y¥. 

Kerite Ins. Wire & Cable Co., New York 

Okonite Company, The, Passaic, N. J. 

Roebling’s Sons Co., John A., Trenton, N. J. 
Asbestos Covered 


American Steel & Wire Co., Chicago 
General Electric Co., Schenectady, N. Y. 
Okonite Company, The, Passaic, N eye 
Roebling’s Sons Co., John A., Trenton, N. J. 
Bare Copper 
American Steel & Wire Co., Chicago 
Copperweld Steel Co., Glassport, Pa. 
Crescent Ins. Wire & Cable Co., Trenton, N. 


Roebling’s Sons Co., John A., Trenton, N. J. - 


U. S. Rubber Products, Inc., New York 
Bronze 


Copperweld Steel Co., Glassport, Pa. 
Copper Covered Steel 


American Steel & Wire Co., Chicago 
Copperweld Steel Co., Glassport, Pa. 
Flexible Cord 


American Steel & Wire Co., Chicago 

Crescent Ins. Wire & Cable Co., Trenton, N. J. 

General Electric Co., Schenectady, N. Y. 

Okonite Company, The, Passaic, N. J. 

Roebling’s Sons Co., John A., Trenton, N. J. 

U. S. Rubber Products, Inc., New York 
Heavy Duty Cord 


American Steel & Wire Co., Chicago 
Crescent Ins. Wire & Cable Co., Trenton, N. J. 
Okonite Company, The, Passaic, N. J. 
Roebling’s Sons Co., John A., Trenton, N. J. 
Lead Covered (Paper and Var. Cambric Ins.) 


American Steel & Wire Co., Chicago 
Crescent Ins. Wire & Cable Co., Trenton, N. J. 
General Electric Co., Schenectady, N. Y. 
Kerite Ins. Wire & Cable Co., New York 
Okonite Company, The, Passaic, N. J. 
Okonite-Callender Cable Co., Passaic, N. J. 
Roebling’s Sons Co., John A., Trenton, N. 
U. S. Rubber Products, Inc., New York 
Magnet 


American Steel & Wire Co., Chicago 

Crescent Ins. Wire & Cable Co., Trenton, N. J. 

General Electric Co., Schenectady, N. Y. 

Roebling’s Sons Co., John A., Trenton, N. J. 

U. S. Rubber Products, Inc., New York 
Rubber Insulated 


American Steel & Wire Co., Chicago 
Crescent Ins. Wire & Cable Co., Trenton, N. J. 
General Electric Co., Schenectady, N. ¥. 
Kerite Ins. Wire & Cable Co., New York 
Okonite Company, The, Passaic, N. J. 
Roebling’s Sons Co., John A., Trenton, N. J. 
U. S. Rubber Products, Inc., New York 
Tree Wire 


American Steel & Wire Co., Chicago 

Crescent Ins. Wire & Cable Co., Trenton, N. J. 

Kerite Ins. Wire & Cable Co., New York 

Okonite Company, The, Passaic, N. J. 

Roebling’s Sons Co., John A., Trenton, N. J. 

U. S. Rubber Products, Inc., New York 
Weather proof 


American Steel & Wire Co., Chicago 
Crescent Ins. Wire & Cable Co., Trenton, N. J. 
Copperweld Steel Co., Glassport, Pa. 
General Electric Co., Schenectady, N. Y. 
Okonite Company, The, Passaic, N. J. 
Roebling’s Sons Co., John A., Trenton, N. J. 
U. S. Rubber Products, Inc., New York 
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The Service Representative 
_ in the telephone business office greets a young 
_ couple who want to have a telephone installed. 


JUNE 1936 


The Bell System serves the 
whole country, yet it remains 
close to the people. The people 
use it. Their savings built it. 
“It belongs to Main Street.” 
The 270,000 employees of 
the Bell System live and work 


in your neighborhood and in 
similar neighborhoods in every 
section of the country. They are 
good neighbors. Thousands of 
times each day and night their 


activities bring friendly aid to 
those in need. 

To every one—to the newly- 
weds, to the man in the grand 
house on the hill or the little 
lady with the shawl—the Bell 
System offers the same full 
measure of service. 

And seeks to do it always 
with courtesy and sym- 
pathetic understanding— 
in the manner of a friend. 


BELL TELEPHONE SYSTEM 


UNIVERSAL 


eee PORCELAIN] 


STANDS UP - LOOKS BETTER - MADE OF BEST MATERIALS 


Dimensions held to extremely close limits. “Competent engi- 
neering service free to Customers. Careful design assures 
sound pieces, free of internal stresses. Ends assembly troubles, 
being always exact to dimensions. Send specifications or 
blue prints for quotation. Orders filled promptly. Porcelain 


in attractive colored glazes. 


UNIVERSAL aa 


pu CLAY PRODUCTS CO. 
SANDUSKY, OHIO gpm 


—— CHICAGO OFFICE Rae OS 
107 N. WACKER DR. 


SOUND TECHNICIAN—College man, 
fourteen years’ experience in commercial 
radio, theatre sound, public address sys- 
tems and home radio service, desires con- 
nection with reliable concern dealing in 
this field. Limited sales and executive 
experience. Straight salary, or limited 
salary with privilege of buying into busi- 
ness acceptable. Address Box No. 174, 
ELectricaL ENGINEERING, 33 West 39th 
St., New York City. 


The Dielectric Engineers Specify! 


THIRTY different diameters, a dozen different colors, a stock suf- 
ficient to meet your most pressing requirements. Brand Turbo Oil 


Tubing with the Smooth Inside Bore possesses qualities of high 
dielectric strength, extreme facility for production, and stable 
structural characteristics under the severest operating conditions. 


Complete catalog on request. A sample card is available. 


SINCE 1920 THE FINESTIN INSULATION 


WILLIAM BRAND & COMPANY 
276 Fourth Ave., New York, N.Y. 217 N. Desplaines St., Chicago, Ill. 


MINERALLAC 
INSULATING 
COMPOUND 


For use in potheads, cable 
joints, junction boxes, etc. 


High voltage compounds 
for every purpose 


Write for Bulletin No. 180 
MINERALLAC ELECTRIC COMPANY 


25 North Peoria St., Chicago, Ill. 
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Parts that must be Strong 


—-BUT LIGHT IN WEIGHT 


« Lbs. per sq, ia. 


Factors 


ITH a specific gravity of only 
. | 1.36, and tensile strength of 
8.500 pounds per square inch, stand- 
ard Bakelite Molded has a weight- 
streneth factor of 6,250, higher than 
the rating of the commonly used 
non-ferrous metals. 

This high weight-strength factor 
makes it possible for engineers to 
take advantage of the many valuable 
properties and characteristics of 
Bakelite Molded in the production 
of electrical and mechanical parts 
iB UN 1 18 Ty A, ee 
Beak ELT TE COCR RFOURT AT. tT ON OF 


BAK 


Tho registered trade marks shown obove distinguish moterials 
monvloctured by Bokolite Corporation. Under the copital “B” is the 


MATERIAL OF 


THE 


O) TR 1 @ IR AN a IT @y IN, 


OF 
VARIOUS MATERIALS 


WSF =~ Lensile Strength 
Specific Gravity 


Typical examples of shapes formed of Bakelite Molded. 


materials. 
Included among these properties 


now formed of other 


are high insulation value, resistance 
to moisture, heat and cold, oil, sul- 
phurous acid fumes, most chemicals 
and mild alkaline solutions. 
Bakelite Molded is readily 
formed into practically any shape, 
whether deep cavity shells or solid 
parts of liberal cross sectional di- 
mensions. When metal inserts are 
required, these may be accurately 
positioned and firmly embedded in 
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the molding operation. The final, 
lustrous finish and also 
acquired in the mold, and no sub- 
sequent machining, polishing or 


plating operations are required, 


color is 


Our engineers will be glad to co- 
operate in adapting Bakelite Molded 
to your particular needs, and we 
would also be pleased to mail you 
a copy of our interesting 48-page 
booklet 33M, “Bakelite Molded”, 
upon receipt of your request. 
Nove. Orn K. 


Toronto, Ontario, 


Nes 


Street, Canada 


LITE 


numerical sign for infinity, oF unlimited quontity. It symbolizes the infinite 
number of present and future uses of Bokelite Corporation's products 


A THOUSAND USES 


iwi 


Electsic Power — THE DRIVING FORCE OF AMERICA 


Bennett 


OILOSTATIC 


(Reg. U.S. Pat. Off.) 


TRANSMISSION SYSTEM 


ILOSTATIC is not offered as a general substitute for 

the usual type of conduit construction in which dis- 
tribution and transmission circuits are carried beneath 
busy city streets. Rather, it is offered as a reliable, rugged 
and flexible underground cable construction capable of 
effecting large savings in appropriate applications. 


In open country and for many routes approaching heavy 
load centers it can often compete with overhead line con- 
struction. \t is particularly applicable where overhead 
construction would involve high right-of-way costs and 
where th re are physical conditions adverse to towers or 
pole line. 


OILOSTATIC will solve perplexing problems that may 
arise in connection with electrification projects, tunnels, 
bridges, railroad embankments, highways, airports, parks 
and golf courses; or in crossing swamps, rivers, lakes and 


‘STATIC installations, one at 132 kv. and one 
ilready in successful operation. 


Distinctive features of OJLOSTATIC: 
NO DUCTS. NO LEAD SHEATH. NO VOIDS IN 
THE INSULATION. HIGHER DIELECTRIC 
STRENGTH. GREATER INSULATION STABIL- 
ITY. INCREASED CURRENT CARRYING CA- 
PACITY. NO PRACTICAL VOLTAGE LIMITS. 


Our engineering services are always available. Inquiries on 
specific projects are invited. 


THE OKONITE COMPANY 


Founded 1878 
and 


HAZARD INSULATED WIRE WORKS DIVISION 


THE OKONITE-CALLENDER CABLE COMPANY, INC. 
EXECUTIVE OFFICE: PASSAIC, N. J. 

New York Boston Chicago Detroit 

Philadelphia Pittsburgh Washington San Francisco. 

Los Angeles Seattle Dallas Atlanta 


Factories: Passaic, N. J. Wilkes-Barre, Pa. Paterson, N. J. 


